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In this document the film composition, self-cleaning aspect, photocatalytic efficiency, 
and methods employed to analyze a novel photocatalytic titania-containing thin film was 
evaluated. A primary objective of this research project was to assess the conditions required to 
achieve a stable titania dispersion for the photocatalytic coating and to determine the extent to 
which the presence of additives contributes to this process.   Modified titania dispersions were 
prepared and characterized via dynamic light scattering (DLS), transmission electron 
microscopy (TEM), fourier transmission infrared spectroscopy (FTIR) and thermogravimetric 
analysis (TGA).  Characterization details of the previous focus on the influence of polyhedral 
oligomeric silsesquioxane (POSS) titania modification, monomer presence, and particle 
identity. Various POSS derivatives, Trisilanol Isobutly POSS (TSI-POSS), Trisilanol Phenyl 
POSS (TSP-POSS), and Aminopropyl Isobutly POSS (API-POSS) were investigated due to 
the differences in functionality and sterics. Monomers, trimethylolpropane tris (3-
mercaptopropionate) (TMPMP), pentaerythritol allyl ether (APE), and 1,3,5-triallyl-1,3,5-
triazine-2,4,6 (1h,3h,5h)-trione (TTT) were incorporated into the stable dispersion and 





A second goal was to measure the hydrophobic/hydrophilic transition of the novel 
photocatalytic material and to evaluate the transition performance as a function of 
concentrations, humidity, and film composition. Thin films were created using the modified 
dispersions and characterized by scanning electron microscopy (SEM), optical imaging, 
atomic force microscopy (AFM), and contact angle analysis. Since the thin film composition 
contributed to the observed efficiency of the photocatalytic process, the third goal of this 
research was to determine the optimum composition that permits complete degradation in a 
timely manner. Light conditioning and experimental analysis of the photocatalytic thin films 
were conducted using a novel photoreactor designed to control environmental parameters 
while providing the conditions necessary for titania activation to occur. Evaluation of the thin 
films provided CO2/VOC area ratios as a function of mustard gas simulant concentration, film 
composition, and relative humidity. The data acquired was used for the design and 
employment of novel prediction modeling software capable of forecasting the photocatalytic 
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1.1 Photocatalytic Titania Thin Films 
Fujishima and Honda are credited with the discovery of  the photochemical self-cleaning 
properties of thin films impregnated with anatase titania.1 Scientists determined that when 
titania-containing thin films were irradiated, two phenomena were simultaneously occurring: (1) 
a photo-catalytic pathway consisting of a series of redox reactions with the ability to transform 
harmful organic compounds into water and carbon dioxide (CO2) and (2) a photo-induced 
switching between hydrophobic/hydrophilic states of the film’s surface.2 The hydrophilic state 
provides the aforementioned self-cleaning surface by exhibiting a water contact angle of 45° or 
less.3  During the hydrophilic state, water applied to the surface will spread evenly and roll away 
instead of forming segregated beads of water.4  Miyauchi et al. determined that the surface 
remains in the hydrophilic state until the surface hydroxyl groups are removed. The 
photocatalytic efficiency of anatase titania and its subsequent composite materials also varies 
widely with respect to illumination conditions, species, concentration, temperature, and 
humidity.5  
The first phenomena occurring when titania thin films are irradiated, photocatalysis 
(Figure 1.1), is initiated by the absorption of a photon of equal or greater energy than its band 
gap energy (~3.2 eV or ~380 nm). Following absorption, electron-hole (e-/h+) pairs are 





active reactive intermediates scavenge the surface of the material, degrading any organic matter 
that may be present into environmentally friendly products, CO2, and water.7 
 







Figure 1.2. Surface generation of an electron-hole pair  
In addition to producing electron-hole pairs capable of degrading harmful substances, an 
activated titania-containing photocatalytic thin film can achieve a wettable surface.
4  
Independently, the previous facts are well established; however, the relationships between the two 
phenomena are not understood.8 Photocatalysis occurs in the presence of UVA light, molecular 
oxygen, and water, stimulating the generation of superoxide radical anions (·O2
-) from the local 
molecular oxygen and hydroxyl radicals (·OH) in the presence of water. The superoxide radical 
anions and hydroxyl radicals cause degradation of organic substances that contact the 
photocatalytic surface.  
During the hydrophobic/hydrophilic switching process, the same parameters that are 
utilized to create electron-hole pairs promote the formation of Ti (III) and the oxidation of O2
 
anions.5 As a result, molecular oxygen is removed from titania's lattice structure creating a 
vacancy for the insertion of hydroxyl groups from water, thereby creating a hydrophilic surface. 
The photocatalytic material remains in the hydrophilic state as long as the hydroxyl group 
















The symbiotic relationship permits a cycle of continuous degradation followed by a 
hydrophilic washable surface; however, controversy among scientists regarding the photocatalytic 
primacy in the symbiotic relationship still exist. For instance, Wang R. et al. determined that 
various photocatalysts lacked wettability while the photocatalytic characteristics persisted.9 
Although the parameters required to activate both mechanisms were present, experiments verified 
that only one mechanism predominantly existed.10 Via UV irradiation, Ti4+ sites were reduced to 
Ti3+ sites, resulting in an oxygen vacancy and a decrease in the binding energy of Ti.11 Following 
UV irradiation, competitive adsorption between water and oxygen occurred at the titania 
surface.11 During the previous study, it was determined that the environment in which the reaction 
was conducted affected the fate of each adsorbate. For example, air was most favorable since the 
dissociated water molecules were bound to oxygen vacancy sites; however, in oxygen dominated 
environment, oxygen adsorbed to the surface. The hydroxyl binding resulted in a hydrophilic 
surface, distortion of the geometric structure, and an unstable surface energy causing the hydroxyl 
group to bind loosely to the titania surface.11 The titania surface in which the oxygen prevailed 
displayed a hydrophobic surface and a strong oxygen bond, which revealed that oxygen can 
inhibit the switching mechanism.11 From this research, it can be concluded that the presence of 
oxygen is required for photocatalytic degradation to occur but may be deleterious for the 
switching activity.11  
In an additional study conducted by White et al.,10 the presence and function of oxygen 
vacancies, water, and the effect of absorbates on the surface was examined to determine the 
impact of each. White et al. conducted numerous experiments with and without oxygen 




titania surface in the presence and absence of oxygen vacancies. Following the application of H2O 
and TMA to the titania surface, the results revealed that upon a clean titania surface in the 
presence and absence of oxygen vacancies a wettable surface was achieved. An initial non-
wettable surface was attained through the application of TMA to clean titania substrate; however, 
UV irradiation in the presence of oxygen generated a wettable surface. White et al. demonstrated 
utilizing a titania surface that oxygen vacancy is not the driving force of the switching mechanism 
and the effect of absorbates and UV irradiation on the surface.10  As a final example, Guan et al. 
established that the degradation of organic material relies on the wettability of the substrate.8 
Thus, the symbiotic relationship between the photocatalytic and switching activity exist to 
perform as a self-cleaning surface.12 Although the previous researchers possess different 
perspectives on the surface interactions, all found that the photocatalytic/switching activity could 
be induced under similar parameters.13 
Several examinations have yielded insight into the mechanism of the reaction of titania 
with organic substrates in solution; however, not as much information is available for this 
chemistry in the solid state.14  Many of these solid-state studies focused on custom-designed 
semiconductor material properties and have only been investigated under limited illumination 
conditions.15 Although limited in scope, this preliminary research indicates that these 
photocatalytic materials possess the ability to address a large range of contamination scenarios.  
1.2 Limitations of Existing Titania Thin Film Dispersions 
Current commercial photocatalytic topcoats are dispensed from low solids aqueous 
dispersions containing few binders or wetting agents.  These same coatings suffer from poor 
performance characteristics, surface coverage, and short photocatalytic cycle life when applied to 




example, Figure 1.4 illustrates three commercial topcoats applied using a 4-coat spray technique 
suggested by the coating manufacturer.  Following a detailed analysis by the Buchanan research 
group, several weaknesses in the current commercial titania-containing coating systems have 
been identified. The experiments established a set of performance criteria for the design of a 
photocatalytic topcoat having enhanced coverage, chemical resistance, durability, and catalytic 
activity against a plethora of organic contaminants. A new coating system utilizing 
functionalized titania particles and formulating those particles into polymer-nanocomposite 







Figure 1.3.  Coverage inconsistency in commercial photocatalytic topcoats  
 
1.3 Project Goals 
The following sections further elaborate on the self-cleaning aspect, photocatalytic 
mechanism, and the methods employed to characterize our novel photocatalyst titania thin films.  
The first objective of this research project is to assess the conditions required to achieve the 
superhydrophilic state for the photocatalytic coating and determine the extent to which the 
presence of additives contributes to this process.  A second goal is to measure the surface 
degradation of select contaminants using our novel photocatalytic coating material and extract 
relative rates as a function of concentrations, humidity, and film composition. Since the thin film 
composition is expected to contribute to the observed efficiency of the photocatalytic process, 
the third goal of this research is to determine the optimum composition that permits complete 












SYNTHESIS AND CHARACTERIZATION OF POLYHEDRAL OLIGOMERIC 
SILSESQUIOXANE (POSS) CONTAINING TITANIA THIN FILMS 
 2.1 Introduction  
Nearly a century ago, Thomas Graham described small particles (1nm to 1µm) existing in 
a dispersed phase and a continuous medium as a colloid. Colloids are various coexisting phases 
of molecules in different states, dispersed state, weakly flocculated state and the strongly 
flocculated state. Colloidal dispersions are lyophobic (hydrophobic) or lyophilic (hydrophilic) 
and exist in particle sizes and shapes, surface charge densities, and surface areas. All of the 
previous effects volume ratio and the interactions occurring among colloidal particles. The free 
energy (surface free energy or interfacial free energy) of the dispersion also determines the 
stability of the colloidal system.16 To establish the overall free energy of the system, surface area 
exposed to the dispersed and the continuous phase, Brownian motion, and intermolecular forces 
must be considered. Particle agglomeration is observed in the presence of attractive forces while 
stable dispersions prevail in the presence of repulsive forces; therefore, preparation of a stable 
colloidal dispersion can be achieved via manipulation of specific intermolecular forces.17  
In recent studies, numerous attempts have been made to establish stable titania colloidal 
dispersions in order to achieve maximum surface coverage and enhance the effectiveness of 
titania's self-cleaning ability. The electrostatic stabilizing method and ionizable polymers have 
been used to achieve stability; however, the photocatalytic activity of titania has been found to 
induce substance degradation and promote agglomeration of the colloidal dispersion.  
Particle stability or the total colloid potential energy of the titania dispersion is dependent 
upon general interactions: Van der Waals energy, electrostatic energy, and interfacial polarity 




via force balance of the Van der Waals energy and electrostatic energy; however, the interfacial 
polarity interaction receives minute emphasis. The Derjaguin, Landau, Verwey, and Overbeek 
(DLVO) theory primarily accentuates the particle distance observed due to interactions between 
the attractive Van der Waals forces and the repulsive electrostatic forces that function together to 
create a stable dispersion based on the maximum free energy present.16 Alternatively, Hansen 
solubility parameter considers various supramolecular interactions between the particle and the 
solvent.18 These interactions support the interfacial perspective of dispersion stability that can be 
achieved between titania particles and solvents while utilizing various forms of Polyhedral 
Oligomeric Silsesquioxane (POSS).  
Hybrid molecules, such as POSS, may be employed as dispersants and can be synthetically 
designed for aqueous and non-aqueous formulations.19-22  The amphiphilic nature, steric bulk, 
cage-preorganization, and the presence of reactive groups, all contribute to POSS's success as a 
particle dispersant and alternatively as a network reinforcing agent.23-25   POSS is available as 
free flowing 1-100 micron range powders or liquids ranging in viscosity. It has two unique 
characteristics: (1) a hybrid chemical composition that exists as an intermediate between silica 
and silicone, and (2) bulky organic groups that extend from the molecule to provide stability in 
the desired solvent.21  
The application of the POSS material is dependent upon the desired functionality (i.e. 
fluoroalkyl, alkyl, phenyl, alcohols, thiols, amines, vinyl, carboxylic acid, sulfonic acid, PEG, 
acrylate, methacrylate, epoxides, halides, imides, silanes, and silanols) attached to the siloxane 
cage.26 In the course of this research effort, several POSS dispersants are explored, Figure 2.1, 




Isobutyl POSS (API-POSS). 
 
Figure 2.1. Structures of the dispersing agents (a) TSI-POSS (b) TSP-POSS (c) API-POSS 
 
TSI-POSS (RSiO1.5) molecules consist of seven isobutyl groups (R) that are used to provide 
steric stabilization and solvent compatibility (similar polarity). The silanol groups of the POSS 
cage binds to the titania particles via hydrogen bonding; as a result, a high surface area structure 
is created. Dehydration occurs resulting in the formation of covalent Ti-O-Si bonds, which are 
encased within the nonpolar isobutyl groups.27 Using the correct concentration ratios and size of 
the titania particle, POSS may completely envelop the titania particle surface.28 Due to the 
properties of POSS, (non-polar, sterics, cage-preorganization) it is an effective dispersant that 
caters to the titania particle and the compatible medium in which it is dispersed.29 It is 
hypothesized that the Van der Waals forces among the dispersed non-polar isobutyl groups 
causes entropically driven steric repulsion, which results in a stable colloidal dispersion. Since 
the tri silanols can bind to the titania particle in various motifs, it is expected that these 
interactions also aid in promoting a stable titania colloidal dispersion. 
 Trisilanol Phenyl POSS (TSP-POSS) hybrid molecules consist of seven phenyl rings 
attached to a stable inorganic Si-O cage.30 The three silanols can potentially interact with the 
material via chemical bonding or a melt mixing procedure.31 Using TSP-POSS, Nowacka et al. 




and electrokinetic properties suitable for the plastics industry.22 As a surface modifier, the TSP-
POSS contributes to the overall influence of surface wettability, mechanical, thermal, and 
colloidal properties.  
Aminopropyl Isobutyl POSS (API-POSS) is a monofunctional POSS derivative 
employed to disperse particles while providing nanoscale reinforcement throughout the system. 
Kim et al. investigated the effect of morphology and mechanical properties based on the strong 
interfacial interactions that occur following the API-POSS surface modification of 
nanocomposite material.32 An increase in viscosity, thermal decomposition, and tensile strength 
was observed and correlated with previous API POSS literature.  
The ability to make high-performance photocatalytic coatings using dispersed titania 
depends heavily on dispersion stability. Without a dispersing aid, titania will quickly form large 
aggregates and precipitate from the dispersion. There is a persistent effort to find dispersing aids 
to increase the shelf-life stability, reduce the number and size of aggregates, and produce a 
composition  that can be readily applied to a substrate as a coating.33 Common methods of 
dispersing particles are electrostatic repulsion and steric stabilization. Electrostatic stabilization 
is common in aqueous dispersions of titania, where either a modulation of the pH of the 
continuous phase relative to the isoelectric point of titania results in a charged particle surface or 
through the addition of charged polyelectrolytes.34 Steric stabilization is entropically driven and 
may include the use of neutral or charged molecules and polymers as dispersants or as 
chemically grafted moieties; moreover, this approach is more amenable to dispersed particles in 
organic media. 
A primary goal is to produce stable titania dispersions suitable for spray-coating that are 




hydrophobic/hydrophilic transition and in the photodegradation of organic surface contaminants. 
The coating would eventually be applied as a high-performance top-coat, potentially for 
retrofitting of common infrastructures.  
2.2 Materials and Methods 
2.2.1 Dispersion Materials 
Granulated particles of titania (VP Aeroperl P25/20) with an average particle size of 20 
µm were obtained from Evonik Industries. Three different samples of POSS were obtained from 
Hybrid Plastics located in Hattiesburg, MS. The hybrid inorganic-organic powders, SO1450–
TriSilanolIsobutyl POSS (TSI-POSS), SO1458 - TriSilanolPhenyl POSS (TSP-POSS), and 
AM0265-AminopropylIsobutyl POSS (API-POSS) were used as received.  The particles were 
evaluated in the following Sigma-Aldrich solvents: 2-propanol (99.9%), acetone (99.5%), 
methanol (99.8%), toluene (99.5%) and cyclohexane (99.9%).  
The titania and TSI-POSS compositions were held constant at 10:1 wt/wt% in the 
following procedure. Using a Flacktek speed mixer, titania and TSI-POSS solids were combined 
and placed under high sheer for 5 minutes. Acetone was added to the solids to achieve a five 
wt% solids dispersion. Combining the speed mixer and the sonicator, the dispersion was 
alternatively placed under high shear with glass beads (diameter 3-4 mm) followed by sonication 
in 5 minute increments each for three cycles. Glass beads were mechanically removed prior to 
the transfer of the dispersion to the sprayer. 
2.2.2 Dispersion Preparation 
 Several titania-POSS dispersant formulations were prepared using a high-shear process 
via the speed mixer, model DAC 150 FVZ-K, glass beads, and sonicator, Fisher Scientific model 




derivative, and three glass beads. To achieve a solids weight content in the resulting dispersion 
of 2%, 1.25g of the titania-POSS mix was added to 62.5g of acetone. The speed mixer was 
operated at 3500 rpm for 5 minutes followed by 5 minutes of sonication in an iterative cycle for a 
total of 15 minutes was achieved. Initial solvent selection was performed using TSI-POSS 
dispersant.  Solvents ranging in polarity were tested to achieve a stable colloidal dispersion. The 
solvents were chosen based on anticipated compatibility with the organic groups that extend 
from the organic-inorganic hybrid cage. Although toluene, 2-propanol, methanol, and 
cyclohexane solvents were individually mixed thoroughly with the titania- TSI-POSS particles, a 
stable colloidal dispersion was not achieved, Figure 2.2 a, b, c and e. The titania-TSI-POSS 
particles remained suspended only in the acetone solvent, Figure 2.2 d, in which the particles did 
not stick to the side of the container nor precipitate out. 
 
Figure 2.2.  Titania and TSI-POSS particles were mixed in (a) 2-propanol, (b) toluene, (c) 
methanol, (d) acetone, (e) cyclohexane 
 
Due to the presence of the isobutyl groups, it was hypothesized that the API-POSS would 




to obtain the two wt% solids content. Titania particles were well dispersed in the acetone, and 
phase separation was not observed. TSP-POSS and titania solid particles were sheared and added 
to the acetone which resulted in phase separation shortly after the mix. The results obtained 
prompted another solvent study in which ethanol prevailed in thoroughly dispersing titania and 
TSP-POSS solid particles. All dispersions were stored in 20 mL scintillation vials until used. 
2.2.3 Particle Size of Dispersion via DLS 
To indirectly investigate the particle size of the dispersions and to establish a working 
knowledge of how the dispersion will function as a coating, characterization was performed via 
Dynamic Light Scattering (DLS) instrumentation from Microtrac, Inc. The S3500 
instrumentation measured particles within 0.8-6500 nm via frequency fluctuations imparted to 
light scattered from suspended particles under Brownian motion in the presence of a 780 nm 
laser diode at an interrogation angle of 180º.  For light-scattering measurements, the titania 
particles were treated as irregularly shaped, transparent, and having a refractive index of 2.55 
(anatase titania). The respective refractive index and dielectric constant were selected based on 
the solvent used. Data obtained from the S3500 instrument provided various numeric values that 
were crucial to interpreting the particle size and particle size distribution. Unit sizes obtained for 
each measurement was recorded in micrometers (microns). Moreover, the percentiles in the 
report display the volume percentage that was smaller than the size indicated. The mean 
distributions mean volume (MV) and mean number (MN), calculated using the Mie Scattering 
theory, were particularly used throughout our study to evaluate the titania colloidal dispersions. 
This theory accounted for the loss of light intensity due to scattering and absorption. MV 
reflected the relative amount of the various sizes of the particles present, whereas the MN value 




particular range of a given volume. The value obtained from each experiment represented an 
average of three triplicate analyses. 
2.2.4 Particle Size and Distribution of Dispersion via TEM 
The particle size of the dispersions was directly evaluated via a Zeiss High-Resolution 
Transmission Electron Microscopy (TEM) 10 °C/CR at 50kV and a magnification of 140k. The 
dispersions were diluted and applied to the substrate, formvar carbon film 300 mesh copper 
grids, purchased from Electron Microscopy Sciences. Small aliquots of the dispersions were 
applied to grids, and the solvent was removed via evaporation. 
2.2.5 FTIR Investigation of POSS Bound to Titania Particle 
The presence and absence of specific functional groups were investigated using FT-IR 
spectroscopy. A Nicolet Nexus 6700 FT-IR spectrometer equipped with an ATR diamond crystal 
was used to analyze the samples in the wavenumber range of 4000-400 cm-1.   
2.2.6 TGA Investigation of Dispersion Binding Interactions 
Thermal characterization was obtained via mass loss as a function of time by 
thermogravimetric analysis (TGA) using a TA Instrument, Q5000. Average 10 mg samples were 
evaluated in platinum pans over the temperature range of 0-800 ºC at high resolution with a 
heating rate of 20 ºC/min under a nitrogen atmosphere. The weight loss observed in each interval 
was indicative of the components attached to the titania particle. 
2.2.7 Film Preparation and Characterization   
To prepare the thin films, the following general method was employed. Titania 
dispersions were transferred to an Iwata Eclipse Gravity Feed Airbrush-CS size 0.35 mm with 
compressor. The substrates, aluminum q-panel and silicon wafer (5 × 5 mm chip), were sprayed 




vertical pass over the substrate was considered one coat. The distance between the substrate and 
the spray gun was held constant at 30 cm. (At a distance closer than 30 cm, the coating was not 
applied as a fine mist.) Between each coat, the substrates were placed in a Fisher Isotemp Oven 
at 50 °C to dry for 2 minutes. All films were stored in a desiccator at ~2% RH followed by light 
exposure for activation.  Substrates varied according to the experimental protocols, aluminum for 
contact angle, silicon wafers (Ted Pella, Inc) for environmental scanning electron microscopy 
(ESEM), and glass for atomic force microscopy (AFM) studies. A FEI Quanta 200 ESEM and an 
NT-MDT Vita AFM were employed in the analysis of the surface topology of prepared films.  
Images at various magnifications were obtained and recorded.   
2.2.8. Light Irradiation   
A photoreactor chamber assembly was constructed to easily facilitate environmental 
control of samples (temperature, purge gas, and relative humidity) and increase user safety (light 
exposure) during irradiation. In general, the unit is equipped with a sealed aluminum sample 
holder with a quartz window, five light lamps, an exhaust fan, and power controls. RH of the 
sample holder purge flow is measured with an installed semiconductor-based 10-95% relative 
humidity range sensor. Temperature is measured via a thermocouple type K with a range of -200 
to +1250 °C.  Film interrogation for surface studies was conducted using UV and visible light at 
a constant temperature and RH of 25 °C and 31 ± 2%, respectively.   
2.2.9 Surface Analysis: Water Contact Angle  
Water contact angle measurements describe the interaction of a static water droplet with a 
solid surface, provided that the surface is not absorbing or reacting with the water. Thin films 
were irradiated under conditions of (1) fixed intensity and variable exposure time and (2) fixed 




temperature using a VCA 2500-AST goniometer, equipped with a light source, camera, and a flat 
horizontal support for the substrate. Typical water drops of 5 µL were deposited on the sample, 
and the static contact angle between the spreading front edge and the substrate was calculated. 
Reported contact angles, from both sides of the water drop, was determined by the average of >3 
measurements per sample. Due to the activation of the titania surface an increase in 
hydrophilicity and decrease in the water contact angles occurs. A water contact angle of less than 
10º was considered superhydrophilic. 
2.3 Results and Discussion 
2.3.1 Particle Size 
 Given that a correlation lies between the self-cleaning activity and the particle size of 
titania,35, 36 the dispersions were evaluated via DLS instrumentation. Each entry in Table 2.1 
displays the average of three data acquisitions for a representative sample description. In this 
analysis, the data reveals inhomogeneity in the samples due to the broad variation in the MN and 
MV values. Furthermore, API-POSS and TSI-POSS dispersions disclose a consistent slight 


















Titania 2.90 ± 0.4 1.7 ± 0.3 
Aminopropyl Isobutyl POSS (API) 3.23 ± 0.4 0.13 ± 0.0 
Trisilanol Isobutyl POSS (TSI) 4.95 ± 0.9 0.12 ± 0.2 
Trisilanol Phenyl POSS (TSP) 1.01 ± 0.2 0.20 ± 0.0 
    
This study demonstrates the significance of incorporating different types of POSS 
dispersants with micron titania. Self-cleaning activity is a surface phenomenon (contaminants 
adsorb to the interface); therefore, the surface area available will be directly proportional to the 
average particle size. The relationship between particle size and other film characteristics such as 
self-cleaning activity must be defined experimentally since the packing of the particles into the 
solid state and any changes in surface features as a result of this packing will have to be 
considered. Common conclusions for the titania
 
dispersions include the following: (1) particle 
size and particle size distributions of samples vary and (2) titania dispersions that have the 
dispersant incorporated possess smaller particle sizes.  
Transmission Electron Microscopy (TEM) supports our hypothesis that the particle size 
and distribution varies with each composition. Moreover, Figure 2.3 reveals the distribution of 
the particles after each POSS addition. Following the addition of API-POSS, the particles were 
significantly more distributed. Binding interaction between the titania particle, silanols of TSP 






Figure 2.3 The effect of titania dispersion in the presence and absence of dispersants 
Sentein et al. observed parallel results during the preparation and characterization of the 
dispersed titania particles via laser pyrolysis. Changes in the dispersion stability were detected 
following the addition of the dispersant desired. The stability of the dispersion was influenced by 
the interaction between the functional groups of the dispersant and the surface of the particles.37 
Moreover, Ayandele et al. determined the presence and functionality of POSS in polymer 
nanocomposites influence the level of agglomeration in the system, particle behavior, and spatial 
distribution. Literature also demonstrates functionality of the POSS molecule influences the 
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2.3.2 Binding via FTIR 
To investigate the consequence of surface modification via POSS, fourier transform 
infrared spectroscopy (FT-IR) was utilized. Figure 2.4A reveals the FT-IR spectra of TSI-POSS 
only, titania only (M), and M/TSI-POSS, which supports our theory regarding the suspected 
interfacial interactions. Isobutyl groups of the TSI and API POSS derivatives were detected in 
the CH2 (2952 cm
-1) and CH3 (2867 cm
-1) absorption region. Bands observed at 1081 cm-1, and 
1227 cm-1 were indicative of the Si-O-Si cage and Si-C bonds present.27, 39, 40 In the titania only 
spectrum, an absorption band that is characteristic of the Ti-O-Ti band is present at 480 cm-1.40 
The modified titania has the characteristics of both the TSI-POSS and the titania only IR spectra; 
CH2 stretching (2954 cm
-1) is detected and the silicate band (1228 cm-1) is present. However, a 
shift in the silanol band (1097 cm-1) was observed due to the interfacial binding occurring at the 
titania surface. Figure 2.4B reveals the FT-IR spectra of API-POSS only, titania only (M), and 
M/API-POSS, which supports our theory regarding the hypothesized amine interactions. Ti-N 










Figure 2.4. Binding analysis of the titania particle before and after (a) TSI-POSS, (b) TSP-POSS, 


















































































A peak indicative of the Si-O-Si framework and Ti-N vibrations (1093 cm-1) indicates 
interfacial interactions at the titania surface.41 Figure 2.4C reveals the FT-IR spectra of TSP-
POSS only, titania only (M), and M/TSP-POSS, which signifies the presence of  Si-phenyl (956 
cm
-1




 The modified titania has the characteristics of both the TSP-
POSS and the titania only IR spectra; the presence of the silanol (1097 cm
-1
), silicate cage (1227 
cm
-1
), and decrease in the silanol -OH (3300 cm
-1
) band was observed. 
2.3.3 Binding Analysis via TGA  
Due to the variation in the bonding nature and strength of the titania particle (M) and the POSS 
derivative, TGA was conducted on M only, M/POSS washed, and M/POSS unwashed. Each 
sample contained enough POSS to provide complete titania surface coverage. TSP, TSI, and API 
POSS derivatives were predicted to bind to the titania particle via hydrogen bonding, 
electrostatic attraction, and/or covalent bonding.  To evaluate the binding strength and nature, the 
samples were washed aggressively in hexane to eliminate loosely or non-bound POSS. If the 
POSS derivative were tightly bound to the titania particle, it would not wash away during the 
aggressive washing.23, 27 Based on the results provided via TGA, it can be determined that the 
titania dispersions undergo a mass loss at temperatures below 200 °C.  The mass loss correlates 
with the temperature at which water is loss.31 TGA revealed a two wt% of the water loss in the 
titania only sample. Figure 2.5 reveals each unwashed M/POSS sample demonstrated mass loss 
from 200-600 °C that correlated to the POSS derivative added to each sample. A change in mass 
was also detected during the 200-600ºC temperature range for the washed samples. This change 
signified the amount of decomposition that occurred due to the organic substituent present in 
each POSS derivative.21, 30, 32   An increase in mass loss indicates an increase in the amount of 
POSS present due to strong POSS/titania interactions. 
 
 
Figure 2.5. TGA analysis of
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After washing, API-POSS displayed the highest mass loss and POSS/titania interaction. Figure 
2.6 displays how the organic additives of each POSS derivative thermally decompose over these 
temperature ranges. The TGA results are in agreement with the FTIR findings, supporting the 
presence of POSS at the titania surface. 
             
Figure 2.6 TGA analysis of only POSS derivatives TSI-POSS, TSP-POSS, API-POSS  
 
2.4. Influence of POSS Derivative on Surface Characteristics  
2.4.1. Optical and SEM Analysis  
Optical and SEM imaging was conducted to evaluate surface characteristics. Surface area, 
coverage, and topology were primarily influenced by the variances of each dispersant and the 
method in which they were applied.42, 43 Images presented in Figure 2.7 and 2.8 illustrate the 
diversity among the POSS dispersions. To clearly identify the topology of the particles as a 
coating, optical and SEM images were acquired at a magnification of 1000 xs and 400 xs, 
respectively. The results support the heterogeneous particle size measurements obtained via DLS 































Figure 2.7. Optical analysis of POSS derivatives: TSI
TSI-POSS and API-POSS display a fair distribution of agglomerates 
These samples also correspond to the dispersions having the largest average particle size 
measurements. The TSP-
topology. Likewise, the DLS analysis of TSP
coatings, continuous substrate coverage
Figure 2.8. SEM analysis of POSS derivatives: TSI
2.4.2 AFM Analysis  
To determine the differences in particle distribution of each comp
analysis was conducted. Overall
and optical analysis, show
the physical attribute of each sample influence
data supports that there are differences 
-POSS, TSP-POSS, and API
throughout the image. 
POSS coating revealed a minimum agglomeration and continuous 
-POSS exhibited the smallest particle size. For all 
 was observed.  
-POSS, TSP-POSS, and API
, the AFM data emphasized the topology
n in Figure 2.7 and 2.8. Due to the self-cleaning surface phenomenon, 
s the performance of each composition.







osition, an AFM 
 suggested by the SEM 
44, 45 AFM 
 
Wu et al. has demonstrated how POSS with different functionalities can be employed to induce 
phase separation.
46
 Phase images support large domain sizes in the coatings prepared from TSI
POSS opposed to dense domain packing with distinct phase separated morphology in API and TSP
POSS. 
Figure 2.9. 1x1µm AFM images of POSS derivatives: TSI
2.4.3. Contact Angle Analysis
During the contact angle analysis, samples
was observed for each aluminum panel. 
irradiations time required
time of 30 minutes, in the presence of UV light
switched hours after.  
Table 2.2  






-POSS, TSP-POSS, and API
 
 were irradiated for a set period or 
Table 2.2 depict the results for all three coatings and 
 to achieve superhyrophilicity. API-POSS had the fastest switching 
 (350 nm), whereas the other POSS derivatives 
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The experiment was repeated in the visible wavelength to test the effect of composition on the 
titania band gap energy. Since the nitrogen-doped titania can be activated using light from the 
visible region,47 an analysis was conducted to determine if Ti-N interactions were occurring at 
the particle/POSS interface. In this analysis, all samples were irradiated for 75 minutes to 
observe which sample would achieve hydrophilicity.  API-POSS was the only composition to 
switch within 75 minutes of visible light exposure. The contact angle analyses support the 
purposed binding theory in which the titania/POSS interaction differs from each composition. 
Table 2.3.  
 
POSS influenced change in contact angle with timed irradiation 
 
POSS Initial CA Final CA Time 
TSI- POSS  
>150   150.0 ± 1.3  1.25 hr 
TSP- POSS 138.8 ± 3.0    125.6 ± 4.8  1.25 hr 
API- POSS  152.1 ± 0.8   13.8 ± 2.2  1.25 hr 
 
2.5 Chapter Conclusions 
In summary, stable titania dispersions at approximately 2 wt% solids were prepared using 
a combination of high-shear mixing and sonication in acetone solvent from photocatalytic 
anatase titania particles and trisilanol isobutyl polyhedral oligomeric silsesquioxane (POSS) 
dispersant. Micron titania only and titania with the API-POSS derivates resembled in particle 
size; however, the presence of the POSS dispersant was critical to long-term dispersion stability.  




electrostatic to covalent in nature. Moreover, TGA and IR analysis supports a portion of the 
molecular dispersant (roughly 3 wt%, wt/wt) is strongly bound to the particle surface, and this 
quantity is independent of the initial mass of dispersant added in the range of 5 to 10 wt%. 
Although TGA data suggested a stronger binding of the API-POSS, smaller particle size 
dispersion was not produced. Analogous particle sizes support similarities in the particle 
distribution and packing arrangement as a thin film. The optical, TEM, and SEM results 
supported the particle size measurements obtained via DLS while revealing the surface 
characteristics of the dispersions. Surface topology differed for each composition; however, API-
POSS and TSP-POSS were characterized by a qualitative roughness of high and low, 
respectively. The API-POSS composition transitioned from hydrophobic to hydrophilic within 
75 minutes of irradiation, indicating the amine interactions assist in the physicochemical process. 
The roughness and hypothesized Ti-N interactions of the API-POSS derivative suggests the 
rationale for the self-cleaning performance.  To further investigate the self-cleaning performance, 
an analysis was conducted using the TSI-POSS derivative. This analysis would allow us to probe 
the hydrophobic/hydrophilic transition while evaluating the influence of wavelength and 
monomer in the presence of the titania photocatalyst. The methods and techniques employed to 










3.1 Introduction  
The self-cleaning phenomenon is
of anti-fogging technology, in which titania is applied to a surface to prevent the formation of 
water drops on glass surfaces
Figure 3.1. Rearview mirror
hydrophobic to hydrophilic 
The presence of titania creates a surf
adsorbed to the substrate and the distribution of the hydrogen bonds in the water 
phenomena result in a decrease in the surface tension of H
hydrophilic state the interaction energy between the liquid and surface is stronger than the 
cohesive forces of bulk liquid causing a droplet of water to spread versus bead upon surface 
contact. 50  Activation of the titania
contact angles decrease. This phenomenon is initiated by irradiation of the 
energies greater than or equal to 
occur in the presence of oxygen, water, and light.
will also influence the switching activity.
 
CHAPTER III 
YDROPHILIC SWITCHING OF POLYHEDRAL 
(POSS) CONTAINING TITANIA-THIOL-ENE THIN FILMS
 a unique characteristic that has enabled
, Figure 3.1.48, 49   
 without titania (left) and with titania (right) 
surface transition48  
ace that becomes hydrophilic as water molecules are 
2O clusters
.50 Furthermore, during the 
 surface results in a  more hydrophilic
the titania band gap. The switching activity has been reported to 
50 For this reason, temperature and humidity 
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occurs.50 These 
 surface in which water 





molecules cannot absorb to the substrate and hydrophobic/hydrophilic switching, is not 
favored.51 Similarly, the relative humidity can affect the time required for the switching activity 
to occur.  
Literature precedent suggests that titania has self-cleaning potential; however, the exact 
parameters required to achieve the hydrophilic (self-cleaning) state as a function of irradiation 
wavelength and time are not well understood.52 There is also minimal advancement in the effect 
of film composition as a result of dispersant and thiol-ene incorporation. Due to the previous, the 
physicochemical properties of titania-thiol-ene composite thin films were analyzed via common 
characterization techniques such as Dynamic Light Scattering (DLS), Scanning Electron 
Microscopy (SEM), Transmission Electron Microscopy (TEM), and Thermogravimetric 
Analysis (TGA). These analytical methods provided essential information regarding the thin 
films particle size, surface coverage, and topology characteristics. The method used to activate 
the thin films consisted of a custom photoreactor constructed to provide environmental control of 
samples during treatments. Hydrophobic/hydrophilic switching of the novel photocatalytic thin 
films was examined by irradiating coated surfaces at different wavelengths and measuring 
contact angles over time until superhydrophilicity was achieved (i.e.; contact angle of 10˚ or 
less).  
3.2. Materials and Methods 
3.2.1. Dispersion Materials  
Solid particles of titania and silica (VP Aeroperl P25/20, Titanium (IV) oxide/anatase, 
Silicon Dioxide) with vendor reported average particle sizes of 20 µm, 25 nm, and 10-20 nm 
respectively, were obtained from Evonik Industries and Sigma-Aldrich. Trisilanol isobutyl 
polyhedral oligomeric silsesquioxane (SO1450, TSI-POSS) was obtained from Hybrid Plastics, 




(trithiol, 96-99%), pentaerythritol allyl ether (triene, 70%; remaining 30%, monoene) and 1,3,5-
triallyl-1,3,5-triazine-2,4,6(1h,3h,5h)-trione (98%) was purchased from Sigma-Aldrich. All 
samples were used as received.  
3.2.2. Dispersion Preparation  
The titania and TSI-POSS compositions were held constant at 10:1 wt/wt% in the 
following procedure. The dispersion was sheared for 15 minutes using a speed mixer, sonicator, 
and glass beads while alternating between speed mixing and sonication in 5-minute increments. 
Dry solids of  titania and TSI-POSS were mixed for 15 minutes and repeated after the addition of 
acetone to achieve a five wt% solids dispersion. IRGACURE 651 at one wt% monomers was 
also added to DSC samples prior spraying the dispersion to various substrates. Following the 
completion of the final shearing cycle all glass beads were manually removed. 
Since the hydrophobic/hydrophilic transition is primarily a surface phenomenon, the 
physical and chemical attributes of the surface are of paramount importance.
2, 3, 8, 12, 36, 53-62
  Surface 
characteristics of coated samples and their resulting photocatalytic activity are linked to the 
quality of the dispersions from which they are prepared.  The resulting film topology is heavily 
dependent on the following variables (1) relationship between particle size and distribution, (2) 
film preparation method, and (3) self-cleaning activity. Since the packing of the particles into the 
solid state influence the previous variables, they must be defined experimentally. This study 
probes the hydrophobic/hydrophilic transition of sprayed films prepared from titania particles 






Figure 3.2. Chemical structures of the monomers used in formulations 
Stable 2 wt% acetone dispersions containing titania (1.6 wt%), dispersant (0.2 wt%) and 
thiol-ene monomers (0.2 wt%) were produced. The TSI-POSS dispersant significantly increased 
the dispersion long-term stability, Figure 3.3. For parallel comparison, dispersions using a non-
photoactive material, silica (S), were also prepared using the same concentrations and mixture of 
dispersants and monomers, Table 3.1 
 













Composite coating compositions prepared in this study 
Particle Film Control POSS/TMPMP/APE POSS/TMPMP/TTT 
Micron 
titania(M) 
M/POSS M/POSS/TMPMP/APE M/POSS/TMPMP/TTT 
Nano  
titania (N) 
N/POSS N/POSS/TMPMP/APE N/POSS/TMPMP/TTT 
Silica (S) S/POSS S/POSS/TMPMP/APE S/POSS/TMPMP/TTT 
 
* composite coatings were prepared from a trithiol in combination with two ene monomers, a flexible and rigid structure for comparison in film 
characterization and photocatalytic studies; M/POSS (1.6/0.2); POSS/TMPMP/APE (0.2/0.2); POSS/TMPMP/TTT (0.2/0.2); solids 2 wt% total 
 
3.2.3. Physical and Chemical Characterization of Dispersions 
Dynamic Light Scattering (DLS) analysis was conducted using a Microtrac 
instrumentation, S3500 model.  The titania particles were treated as irregularly shaped with a 
refractive index of 2.55 (anatase titania).  A refractive index of 1.36 and a dielectric constant of 
21.0 were used for acetone in these measurements. Particle sizes were obtained from the 
dispersions.  Particle sizes were reported as volume average (MV) distributions, where MV is 
more sensitive to the presence of a larger molecular weight fraction.   
Dispersions were characterized using thermal and chemical analysis techniques.  Thermal 
characterization was obtained via thermogravimetric analysis (TGA) using a TA Instruments 
Q500. Samples of approximately 5-10 mg were evaluated in aluminum pans over the 
temperature range of 0 – 800 °C with a heating rate of 20 ºC/min under a nitrogen atmosphere.  
The TA instruments Modulated Differential Scanning Calorimeter (DSC) instrument was used to 




°C/min. Tg information was taken from the second heating cycle. Fourier transform infrared 
spectroscopy (FTIR) was used to identify the changes in chemical bonding of dispersed particles.  
Spectra were acquired in the 4000 - 400cm-1 range with a Nicolet 6700 FTIR spectrophotometer 
using an ATR accessory (diamond crystal).  Small aliquots of the dispersions were applied to 
Formvar carbon film on 300 mesh copper grids, purchased from Electron Microscopy Sciences, 
and the solvent was removed by evaporation.  Images were acquired on a Zeiss EM-900 
transmission electron microscope (TEM), operated at 50kV and magnifications of 140,000x. 
Solid state 29Si NMR data was obtained via the University of Southern Mississippi Polymer 
Science Department at a frequency of 79.5 MHz using a Bruker MSL-400 NMR spectrometer 
equipped with a CP/MAS double air bearing probe. Ground samples were packed in 4 mm fused 
zirconia rotors and sealed with Kel-FTM caps. The sample spinning rate was approximately 4-
4.5 kHz with a 90" pulse width at 5 µs. Magic angle spinning with high-power decoupling 
coupled with a modified DEPTH sequence was applied to suppress the probe background and 
optimize the signal observed. All chemical shifts were referenced to the downfield peak of 
 tetrakis(trimethylsily1)silane(-9.8ppm with respect to TMS). 
3.2.4. Thin Film Preparation and Characterization 
An Iwata Eclipse Gravity Feed Airbrush-CS-Size: 0.35mm/ Testors Blue Mini Airbrush 
with compressor was used to apply the dispersion to the substrate. Dispersions were sprayed in 
an interlaced spray pattern at a distance of 30 cm to the substrates, aluminum Q-panels (3”x 6”), 
glass microscope slides (3 x1 x1.0mm), and silicon wafer chips. A total of 10 coats were applied 
with one coat consisting of a horizontal pass plus one vertical pass over the substrate, Figure 3.4. 
Dispersions were also applied to teflon molds for thickness and DSC analysis. Following 
application, coatings were dried between each coat in a Fisher Isotemp Oven at 50°C for 2 





Figure 3.4. Illustration of application technique used to apply the dispersion to the substrate 
 
Substrates varied according to the experimental protocols, aluminum for contact angle 
and adhesion, silicon wafers (Ted Pella, Inc) for scanning electron microscopy, and glass for 
crystal violet degradation studies. The crystal violet dye (3.5g/L) was applied to the titania 
coating on the glass substrate and stored in a dark desiccator prior to use. A FEI Quanta 200 
Environmental scanning electron microscope (ESEM) and an NT-MDT Vita atomic force 
microscope (AFM) were employed in the analysis of the surface topology of prepared films. 
Images at various magnifications were obtained and recorded. The photocatalytic degradation of 
the crystal violet dye (3.5g/L) on the titania coating was evaluated using the glass microscope 
slide as a substrate.  
3.2.5. Photoreactor Setup 
A custom photoreactor was constructed to control the light exposure, temperature, and 
RH of samples during irradiation, Figure 3.5. The unit consisted of a large sample plate, 5 UVB 




and lamps. A humidity range sensor with an installed semiconductor was used to measure 10-
95% RH of the purge flow. 
 
Figure 3.5. Novel photoreactor manufactured to conduct UV-exposure of samples while 
controlling humidity, temperature, and light exposure 
 
An inlet allowed control of the sample environment through the flow of purge wet/dry air 
affording tunable RH.  Temperature was also measured via a thermocouple type K with a range 
of -200 to +1250 °C.  The sample chamber, Figure 3.6, consisted of aluminum housing with an 
o-ring seal, pressure controlled latching, and the quartz lid.  Thin film analyses were conducted 











Figure 3.6. Sample chamber manufactured to seal samples while permitting desired parameters 






Figure 3.7. Ocean Optics emission spectra of (A) UV-A and (B) UV-B lamp centered on the 
wavelength of 313 nm and 350 nm, respectively 
 
3.2.6. Contact Angle  
Static contact angles of an aluminum Q-panel coated with the dispersion were monitored 
at 25 ºC using a VCA 2500-AST goniometer, equipped with a light source, camera, and flat 
horizontal support. Changes in the five µL water drop deposited on the coated substrate were 








































of the coated substrate. Five contact angle measurements, consisting of left and right angles, 
were recorded for each time interval. 
3.3. Results and Discussion 
3.3.1. Dispersion Particle Size 
DLS and TEM techniques were combined to probe the effects of particle size and size 
distributions of the dispersions, in the presence of the POSS dispersant and the thiol-ene 
monomers.  An initial concern was that an onset of agglomeration would be observed following 
the addition of organic monomers to the prepared dispersions.  DLS offers advantages to 
approximate the particle size and particle size distribution of the novel dispersion in addition to 
determining the onset of agglomeration.  The particle size and particle size distributions of 
prepared samples fluctuated over the sample series within a 15% standard deviation, in their 
respective ranges (micron versus nano, for example), but were not increased by the addition of 
monomers.  N and S dispersions exhibited an expected decrease in average particle size from 0.7 
and 1.1 µ to 0.2 and 0.1 µ, respectively, after the addition of dispersants, which did not increase 















Average particle size of the colloidal dispersion in the presence and absence of POSS, TMPMP, 
APE, and TTT  
MV reflects the volume distribution of the average diameter of the particles; M-Micron; N-Nano; S-Silica;Trisilanol Isobutyl POSS-POSS; 
Pentaerythritol allyl ether-APE; Trimethylolpropane tris (3-mercaptopropionate) - TMPMP 1,3,5-triallyl-1,3,5-triazine-2,4,6(1h,3h,5h)-trione-
TTT; 15% standard deviation 
TEM data is consistent with DLS; however, it identifies the presence of larger aggregates in the 
N samples, Figure 3.8. The presence of agglomeration is expected to influence film preparation 
and surface topology. All in all, the addition of monomers and the dispersant does not promote 
agglomeration allowing samples to possess the long-term stability required for film preparation. 
Due to the previous, it is hypothesized that the hydrophobic/hydrophilic switching of titania will 






Mean Volume  
(MV) µm 
 
M/POSS 4.9  ±  1.6 
M/POSS,TMPMP,APE  2.1  ±  0.2 
M/POSS,TMPMP,TTT 2.6  ±  0.1 
N POSS 0.2  ±  0.1 
N POSS,TMPMP,APE 0.2  ±  0.1 
N POSS,TMPMP,TTT 0.2  ±  0.1 
S POSS 0.1  ±  0.1 
S POSS,TMPMP,APE 0.1  ±  0.2 






Figure 3.8 TEM images of dispersed particles at 140,000x magnification (a) M, (b) S, (c) N in 
the presence of dispersants and monomers, left to right M/POSS and M/POSS/TMPMP/TTT 
followed by analogous S and N series  
 
3.3.2. Binding via FTIR 
The POSS dispersant chosen for this study contains three silanol functionalities that have 
the potential to bind via different interactions, Figure 3.9. These potential bonding states include 
the noncovalent electrostatic interactions of charged functional groups and the hydrogen bonding 
via the OH groups of the titanol present at the particle surface.  Different binding motifs - 
monodentate, bidentate, and tridentate-like binding - resulting from covalent bonds between the 
particle and TSI-POSS are also likely.  According to the literature,27, 28 IR, TGA, and 29Si NMR 
techniques were used to evaluate the character of bonding between the particle and TSI-POSS in 




A1 50 nm A2 50 nm 
C1 50 nm C2 50 nm 

























































































IR spectra obtained on the composite samples (M/TSI-POSS, N/TSI-POSS, S/TSI-POSS) 
were compared to the pure materials to determine the presence of new chemical bonds.  Titania, 
silica, and TSI-POSS present characteristic spectra alone, including the Ti-O-Ti at 480 cm-1, 
isobutyl groups CH2 (2952 cm
-1), CH3 (2867cm
-1), and the indicative silicate and silanols at 1081 
cm-1 and 1227 cm-1. The modified titania composite samples display the expected a shift in the 
silanol band (1097 cm-1) due to the interfacial binding occurring at the titania surface. In the 
silica composite samples, S series, Si-OH and Si-O-Si bonds are present in both samples, 
modified and original.     
3.3.3. 29Si NMR Investigation of Binding Interactions  
Solid state 29Si NMR was conducted to further evaluate the changes in POSS silanols 
following thermal treatment with titania. Reported peak signals indicative of the silanols and 
siloxane cage are 58.6, -67.9, and -68.4 ppm .63, 64 The 29Si NMR spectrum of POSS, Figure 
3.09, is characterized by a peak indicative of the silanol (-60.14 ppm) and siloxane cage (-67.83 
and -69.42 ppm). The 29 Si NMR data provided the differences between sheared (thermally 
treated) and vortexed (mixed) composite samples for M/POSS. Due to the interaction occurring 
between the titania particle and the POSS derivative, a decrease in the intensity of the silanol 






Figure 3.10. 29Si NMR spectra of (a) TSI- POSS, (b) Micron titania –M/TSI-POSS vortexed, (c) 
Micron titania –M/TSI-POSS thermally treated 
3.3.4 Particle/POSS Binding Theory 
Following the analysis of the IR and NMR data, it was proposed that five different 
interactions may occur between titania and TSI-POSS. The first hypothesized interfacial contact 
was electrostatic interaction between the silicate and the positively charged titanium. Hydrogen 
bonding was also considered due to the silanols ability to hydrogen bond by both donating 
hydrogen bonds and/or accepting hydrogen bonds from the hydroxyl groups (titanol) present on 
the particle surface. Furthermore, the three silanol groups on the TSI-POSS molecule may cause 
three different binding motifs (monodentate, bidentate, and/or tridentate binding) to occur via 
hydrogen bonding or electrostatic interactions. During the high shear procedure, the covalent 
interactions between the titania particle and TSI-POSS were anticipated via condensation 








Figure 3.11 Potential binding states in M/POSS via the silanol groups of POSS: (i) electrostatic 
attraction, (ii) hydrogen bonding, (iii) monodentate binding, (iv) bidentate binding, (v) tridentate 
binding 
3.3.5 Particle/POSS Analysis via TGA 
Particle modification was found to have a significant impact on thermal degradation onset 
temperatures using TGA. Fractions of weight reveal the mass fraction remaining at a given 
temperature and the point of the greatest rate of change on the weight loss curve or the inflection 
point, respectively. To evaluate the binding strength and nature, the samples were washed 
aggressively in hexane to eliminate loosely or non-bound TSI-POSS. TGA was conducted on the 
titania and silica particles only, particle/TSI-POSS washed, and particle/TSI-POSS unwashed.  In 
general, each sample contained 5-10 wt% of TSI-POSS to provide complete particle surface 
coverage. Representative plots of the TGA data gathered from each analysis are provided in 
Figure 3.11. Thermal degradation onset temperatures recorded display the temperature at which a 
change in the mass was detected. In the S and N dispersions, 10 wt%, thermal degradation onset 




correlates to the temperature at which the organic components of the TSI-POSS are loss. Each 
weight percentage observed following the TSI-POSS loss remained constant from the 
temperature at which the loss was detected to 600 C. Since all organic and polymer additives 
would thermally decompose over these temperature ranges, the TGA results are in agreement 
with FTIR findings supporting the presence of a minute concentration of TSI-POSS.  Figure 3.11 
revealed that 10 wt% of the unwashed S and N dispersions composition consisted of TSI-POSS; 
however, only 3 wt% of the TSI-POSS remained bound to particle surface after washing. To 
further analyze the particle size/dispersant coverage correlation, the M unwashed and washed 
samples contained only 5 wt% of the TSI-POSS. Unexpectedly, the thermal degradation of 
approximately 3 wt% in the M washed sample was the same as the samples that contained nano 
particles. This is surprising given the surface area calculation proposed for ~20nm particles and 
the 1.6nm2 TSI-POSS molecule should contain at least 5 wt% of TSI-POSS. Similar results were 
demonstrated recently by Wheeler and Morgan et al. by a study in which they prepared a 
titania/TSI-POSS blend that dispersed in a polypropylene matrix. When analyzed by TGA, the 
thermal degradation observed was 10 wt% for the unwashed sample and approximately 3 wt% 





































Figure 3.12. TGA analysis of samples before and after washing with hexane :(a) micron titania: 




























































In addition to the chemical attributes previously described, the hydrophobic/hydrophilic 
switching mechanism is dependent upon the surface characteristics of the coating. 3, 36, 54, 57. 
Therefore physical and mechanical testing (SEM, DSC, and AFM) was performed only on the 
coated samples. Surface analysis was conducted optically to interrogate the coating adhesion and 
morphological features influenced by the composition and the spray deposition method. 
3.4 Surface Analysis 
3.4.1. SEM Analysis 
Analysis of the coating topology before and after the incorporation of TSI-POSS and the 
thiol-ene network was conducted via SEM at a magnification of 800xs. The thiol-ene network, 
chosen due to its availability, high yield, and insensitivity to oxygen, was incorporated primarily 
to improve the mechanical integrity of the coating.   Mechanical integrity differences were 
observed between the incorporation of various monomers, APE, and TMPMP. As a result, 
characterization of the M/POSS, APE, TMPMP composition was discontinued, and 
M/POSS/TMPMP/TTT was selected as the optimal composition based on physical properties.  
The ASTM D3359 standard crosshatch method was employed to test the adhesion of the coating. 
Following the analysis, coatings were evaluated using SEM techniques.  SEM data test was 
conducted  and revealed the mechanical integrity of the residual coating within a cross hatch 
section after each adhesion. Each sample that contained the polymer material remained intact 
after the adhesion test. SEM images, Figure 3.12, reveal the topology characteristics that suggest 





Figure 3.13. Representative SEM images of area residing inside the crosshatch post adhesion test 
via ASTM D3359: (a1) M/POSS; (a2) M/POSS/TMPMP/TTT;(b1) S/POSS; (b2) 
S/POSS/TMPMP/TTT; (c1) N/POSS; (c2) N/POSS/TMPMP/TTT 
 
3.4.2. DSC Analysis 
Since the improvement of mechanical integrity is credited to the incorporation of the 
polymer matrix around the titania/POSS particle, a glass transition temperature (Tg) was 
obtained via DSC.  M/POSS/TMPMP/TTT and the control compositions, TMPMP/TTT and 
POSS/TMPMP/TTT, were evaluated to determine how each component affected the Tg, Figure 
3.13. 
The composite sample M/POSS/TMPMP/TTT possesses two transitions, one indicative 
of  an  inorganic-thiol-ene hybrid composite material (37 C), as described by recent literature65, 
66 and  another due to the polymer matrix (49 C) in the presence of  the POSS molecule.  Data 
obtained by Shin et al  (Tg ~22 C) supports the (21 C ) Tg obtained for the thiol-ene control 
TMPMP/TTT.67 The particle/POSS molecule is present in excess relative to polymer; as a result, 




surface. Due to the minute presence of polymer relative to particle, the glass transition 
temperatures for the S and N particles were not readily resolved.   
    
 
 Figure 3.14. DSC analysis of prepared (a) controls TMPMP/TTT and POSS/ TMPMP/TTT (b) 
M/POSS/TMPMP/TTT 
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3.4.3. AFM Analysis 
AFM analysis of coating surface features was conducted for each composite coating. In 
general, the data obtained from AFM supports the rough surface revealed in the SEM data, 
Figure 3.9 a-c.  Roughness values (RMS) were acquired via AFM, and M/POSS/TMPMP/TTT; 
N/POSS/TMPMP/TTT; and S/POSS/TMPMP/TTT yielded roughness values of 45.1, 239.0, and 
217.0 nm.  The thiol-ene control consisting of TMPMP/TTT yielded a RMS of 4.25 nm.   
 
 
Figure 3.15. 3 × 3 µm AFM topographic images of coatings prepared from (a) 
M/POSS/TMPMP/TTT; (b) S/POSS/TMPMP/TTT, (c) N/POSS/TMPMP/TTT 
 
Since the SEM data analysis was conducted over a notably larger area, only a general 
comparison to AFM can occur. Film application combined with acetone as the dispersion solvent 
may influence sub-micrometer roughness. This surface roughness may be enhanced when larger 
particle or particle aggregates are present in the dispersions.  Although all samples possessed a 
rough topology, coatings N/POSS/TMPMP/TTT and S/POSS/TMPMP/TTT possessed larger 
features compared to the M/POSS/TMPMP/TTT coating. The previous was not expected since 
M is sold as a micron scale particle; while S and N are nanoscale. Moreover particle packing 
arrangements and cavernous topology observed in the N dispersions may be due to solvent 
evaporation during the coating application, and the presence of large aggregates revealed via 
TEM.  Analogous aggregation is also suspected for S samples which resulted in comparable 
 




AFM images. The significance of this work is that all samples were prepared using the same 
procedures; however, M-containing composite coatings produced the most uniform and less 
rough sample. Given that the hydrophobic/hydrophilic transition of the photocatalytic surface of 
anatase titania is influenced by the roughness,68, 69 the change in surface energy using water 
contact angles under continuous UV exposure was evaluated.     
3.4.4. Contact Angle as a Function of R.H., Coating Composition, and Wavelength  
 When the interaction energy between the liquid and surface is stronger than the cohesive 
forces of bulk liquid, the coated surface is considered wetted. This occurs due to the formation of 
a contact angle < 90° and the even spread of water over the surface without the formation of 
droplets.70 The surface is deemed hydrophilic if the water droplet and surface interaction forms a 
contact angle < 90º and hydrophobic if the water contact angle is > 90º.71 Furthermore, the 
surface interaction in which a contact angle of > 150º and < 10º is achieved is called 
superhydrophobic and superhydrophilic, respectively.72, 73 
Samples were characterized by the transition from hydrophobic to hydrophilic as a 
function of irradiation time and contact angle. Although a superhydrophobic contact angle was 
observed during the initial analysis of the composite coatings, a superhydrophilic transition 
occurred over time in select compositions. Figure 3.10 depicts the decrease in the surface contact 
angle realized during the M/POSS/APE/TMPMP sample transition from superhydrophobic to 
superhydrophilic. To induce the switching activity, samples were placed in a custom 
environmentally controlled photoreactor sample chamber, irradiation at 313 and 350 nm at a 





Figure 3.16. Observable increase in surface energy with exposure time of 
M/POSS/TMPMP/TTT; T = 27°C, λmax = 350 nm: (a) t = 0 hr., (b) t = 1 hr., (c) t = 2 hr., (d) t = 
3 hr. 
Data points were collected hourly via water contact angles until samples became 
superhydrophilic, contact angle of < 10°. Reproducibility of measurements was obtained from 
data sets consisting of five drops in five different locations, resulting in an average of 10 angles 
from leading edges on the left and right drop sides. The superhydrophobic character of the silica-










Figure 3.17. Change in surface water contact angle measurements of M, S, and N coating series 
with 350 nm UV exposure (a) POSS/ APE/ TMPMP (b) POSS/ TMPMP/ TTT (c) POSS/ 









































































































Samples of all three particle compositions with and without TSI-POSS and monomers 
were irradiated until hydrophilicity or hydrophobicity was observed for each composition. 
Incorporation of the dispersant and the monomers did not prohibit the switching ability of the 
photocatalytic coating; select compositions converted within the first hour of exposure. The 
onset of superhydrophilicity was delayed but not prohibited due to the presence of the polymer; 
as a result, an increase in the polymer composition is correlated to an increase in time, Figure 





Table 3.3  
 
Change in contact angle with continued irradiation in the presence and absence of POSS, 
TMPMP, APE, and TTT 
 
a indicates coating maintained the superhydrophobic state after 48 hours of continuous UV illumination; irradiation times of coatings applied to 
aluminum Q-panels; T = 27ºC 
Since the energy required to activate the titania surface is 3.8 eV or 326 nm, the surface 
was investigated as a function of wavelength. On average the fastest hydrophobic/hydrophilic 











M/POSS 313 >150 0 1 
350 149.1 0 2 
M/POSS/APE/TMPMP 313 159.1 8.7 4 
350 156.2 9.1 8 
M/POSS/TMPMP/TTT 313 >150 0 1 
350 155.5 5.5 2 
N/POSS 313 >150 0 1 
350 >150 6.8 2 
N/POSS/APE/TMPMP 313 >150 7.8 4 
350 159.3 10.2 8 
N/POSS/TMPMP/TTT 313 >150 10.3 5 
350 143.1 10.4 11 
S/POSS 313 155.2 131.4 36 
S/POSS/APE/TMPMP 313 >150 >150 >48a 
S/POSS/TMPMP/TTT 313 >150 153.6 >48a 
 
wavelength. The composition 
retarded the transition when compared to
characteristics. Similar to results obtained by 
wetting characteristics were tuned to switch based on the 
polystyrene and titania nanorods
while maintaining good bulk mechanical properties and adhesion is of paramount impor
coatings applications.74   
Titania also serves as an effective photocatalyst for the degradation of various pollutants 
containing organic derivatives
crystal violet dye (pollutant proxy) 
composition. Given that the phot
mechanism is assumed synergistic
for their variance in mechanical durability and the time required to transition from hydrophobic 
to hydrophilic, Figure 3.12
Figure 3.18. Photocatalytic degradation of crystal violet dye on the catalytic surfaces; from left 
to right: control, M/POSS, and M/POSS/TMPMP/TTT @ 20 wt% polymer (a) before UV 
exposure, T=0 (b) after UV exposure, T=5 min
 
Coatings were prepared
for 2 hours prior to the application of crystal violet dye. Complete degradation of the dye 
occurred within 1-3 minutes on the 
was also investigated as a function of monomer
 APE despite its more competiti
Villafiorita-Monteleone and coworkers 
composition concentration
 - the ability to tune surface interactions with the environment 
.75 To decontaminate an infected substrate, decomposition of 
was conducted as a function of the titania coating 
ocatalytic degradation and the hydrophobic/hydrophilic 
76 M/POSS/TMPMP/ TTT and M/POSS 
.   
 
 and exposed to UV light, 40-50% R.H. and 27 ºC temperatures 
M/POSS coating while substantial degradation was evident at 
57 
 










30 minutes on the M/POSS/TMPMP/ TTT coating. The analysis demonstrates the 
M/POSS/TMPMP/ TTT coating’s ability to degrade organic derivatives despite the monomer 
and dispersant addition; however, the data also reveals the delayed onset of dye degradation, 
which is parallel to what we observed in the hydrophobic/hydrophilic transition. This further 
supports the DSC data and our hypothesis that the polymer material has undergone enhanced 
crosslinking to produce a more rigid network at the particle surface; therefore, photodegradation 
reactions of the polymer matrix must occur around the particle prior to the complete onset of the 
hydrophobic/hydrophilic transition and photocatalytic degradation 
3.5 Chapter Conclusions 
 In summary, stable dispersions containing dispersed particles and a POSS dispersant 
were prepared via high shearing methodology and characterized via DLS TEM, IR, and TGA.  
The designated method enabled a maximum amount of 3 wt% POSS to strongly bind to the 
particle via mono-, bi-, and or tridentate interaction between the silanol and the particle. Coatings 
were prepared from the dispersions using standard spray techniques to produce films having a 
uniform and heavily textured surface.  The incorporation of the TrisilanolIsobutyl POSS 
dispersant combined with the “click chemistry” of the thiol-ene monomers significantly 
enhanced the colloidal dispersion and coating mechanical characteristics without prohibiting the 
photocatalytic properties of the coating. Novel coatings were prepared with and without 
monomer content using standard techniques and characterized by surface topology, adhesion, 
and hydrophobic/hydrophilic transition via SEM, AFM, and contact angle.  Coatings containing 
photocatalytic titania were converted to superhydrophilic surfaces; whereas, those that contained 
silica particles as reference materials remained superhydrophobic. The superhydrophilic state of 
samples was considered persistent since prolonged durations in complete darkness were required 




hydrophilic transition still occurred despite the addition of the dispersant and the maximum 
monomer loading at 20 wt%. Coatings were also evaluated for potential degradation applications 
and the 20 wt% monomer samples possessed appreciable degradation character with significant 
crystal violet degradation occurring within 30 minutes. 
Since the organic proxy was degraded via the activated titania surface, rates of 
photocatalytic degradation of select compounds were tailored through thoughtful selection of the 
POSS dispersant, film composition, and reaction parameters.  POSS dispersants selected for the 
subsequent study include aminopropyl isobutyl POSS (API POSS), trisilanol isobutyl POSS (TSI 
POSS), and trisilanol phenyl POSS (TSP POSS).  Correlations between film physical and 
chemical attributes and photocatalytic activity are revealed.  These inorganic-polymer hybrid 







PHOTODEGRADATION OF 2-CHLOROETHYL ETHYL SULFIDE (2-CEES) ON TITANIA 
THIN FILMS USING A NOVEL VAPOR-PHASE ANALYSIS SENSOR-DERIVED 
APPROACH 
4.1 Introduction  
 The aftermath of a natural disaster and/or a chemical attack threatens the safety of 
personnel, equipment, and infrastructure. Chemical agents following a chemical attack can linger 
and be detrimental to the environment and personnel years after its occurrence77. For example, 
the chemical attack that occurred March 16, 1988 in Halabja, Iraq during the Iraq-Iran War was 
described as the most destructive chemical attack on civilians in modern history. Nearly 5,000 
civilians, mostly women, and children were killed by weapons of mass destruction (WMD) 
within hours, at the hand of their ruler, Saddam Hussein.78, 79 After this event, the soil was 
significantly contaminated with chemical warfare agents (CWA) such as the blister mustard 
agent. The Halabja massacre emphasized how WMD has the potential to cause injury or death to 
those that are exposed.77, 80  Although the war occurred over 20 years ago, Halabja residents still 
continue to suffer from the attack via chronic disorders and contamination. Limited methods are 




4.1.1 Chemical Warfare Agents and Decontamination Methods
CWAs consist of liquids, 
injury, damage, or death to targeted personnel, material, and equipment. Although a v
chemical agents exists, only 
category that evolved durin
and HD), nitrogen mustard (HN), lewisite (L) and halogenated oximes (e.g. phosgene oxime 
(CX)). 83 
The agents introduced during WWI were primarily respiratory irritants, with the 
exception of the blistering agent, 
agent to cause injury to the lungs and skin
severe blistering that occurred following exposure
Figure 4.1. Blister formation following exposure to the vesicant agents
In July 1917, sulfur mustard was first utilized by German forces against British troops in 
Ypres, Belgium. By the end of WWI, sul
chemical deaths. Additionally, th
more than twenty-four hours. The persistence of the agent was an important variable that 
influenced the various methods of decontamination considered.
introduced after WWI due to the type of chemical agents employed. Prior to WWI chemical 
agents, primarily gasses, 
 
gasses, or aerosols that are dispensed with the intent to cause 
the vesicant category will be discussed herein
g World War I (WWI) (1914-1918) consists of sulphur mustard (H 
bis(2-chloroethyl) sulfide (sulfur mustard or HD). 
 was referred to as the blistering 
, Figure 4.1.83 
84 
fur mustard was credited for nearly seventy percent of 
e agent’s low vapor pressure caused it to linger on surfaces for 
85 Decontamination methods were 




.82 The vesicant 
The first 






Hypochlorite decontaminants, bleach, high test hypochlorite (HTC), super tropical bleach (STB), 
dutch powder, activated solution of hypochlorite (ASH), and self-limiting activated solution of 
hypochlorite (SLASH) were used to neutralize the chemical agent. When hypochlorite 
decontaminants were used to decontaminate sulfur mustard, oxidation and  elimination occurred, 
producing mono vinyl and divinyl sulfoxides and sulfones in conjunction with unidentified 
products, Scheme 1.87  
 
Scheme 4.1. Reaction products from HD degradation 
 Although the super chlorinated decontaminants degraded the HD contaminated substrate, 
numerous disadvantages existed, such as usage of a copious amount of bleach for 
decontamination to occur, low temperature limitation, damage to the substrate due to the 
corrosiveness of the decontaminant, and the requirement of fresh solution prior to usage.  
Therefore, disadvantages of the hypochlorite decontaminants, a new decontamination solution, 
decontamination solution 2 (DS2), was introduced. DS2 consists of 70% diethylenetriamine, 
28% ethylene glycol monomethyl ether, and 2% sodium hydroxide. The new solution permitted 
decontamination to occur within sixty seconds at an ambient temperature. Moreover, DS2 
provided a ready to use solution that remained stable after long-term storage. The degradation 
reaction occurs due to the presence of the conjugate base of the ethylene glycol monomethyl 
ether (CH3OCH2CH2O-), which results in a double elimination of HD.




decontamination capabilities, various disadvantages yet remain. For example, the potential to 
damage substrates such as paints, rubbers, plastics, and leather limited its applications. 
Additionally, personal protective equipment was required for handling the toxic solution.87  
Conversely a nontoxic substance, water, was employed to decontaminate HD via hydrolysis. The 
hydrolysis method failed due to the insolubility of HD in water; nonetheless, a reaction does 
occur at the interface to produce thiodiglycol (TG). TG is produced in addition to four other 
toxic products, H-2TG, CH-TG, H-TG, and sulfonium ion aggregates. The transition from HD to 
TG during hydrolysis in a dilute solution occurs rapidly. When concentrated HD is present, and 
hydrolysis is attempted, sulfonium ion aggregates prevail during equilibrium. The previous is 
credited for the loitering of HD after contamination.87  
 
 
Scheme 4.2. The formation of sulfonium aggregation during decontamination 
 Via nucleophile-assisted substitution, HD degradation can occur by preventing sulfonium 
ion aggregates that decompose to form HD.  During the substitution, the C-Cl bond is cleaved, 
and a cyclic ethylene sulfonium ion intermediate is formed. The nucleophilic-assisted 
substitution of HD proceeds thru a Sn1 mechanism, Figure 4.2. The rate at which the mechanism 
occurs is determined by the strength and concentration of the nucleophile. Amines and anions are 
suggested nucleophiles that provide the strength needed to attain decontamination of HD via the 




 Moreover, oxidation of the sulfur in HD can be utilized as a decontamination method. 
The proposed oxidation mechanism portrays only the production of sulfone and sulfoxide during 
the reaction. Oxidation of HD is influenced by the functional groups attached to the sulfur and 
the polarity of the solvent used. For example, a commercial compound, Oxone, was used to 
decontaminate HD and 2-Chloroethyl phenyl sulfide (HD analogue). During the analysis, HD 
was oxidized to the sulfoxide and converted to sulfone in less than sixty seconds while 2-
Chloroethyl phenyl sulfide oxidized within seven seconds. The previous supports Oxone’s ability 
to decontaminate HD and the effect of functional groups on the oxidation rate. 
4.1.2. Photodegradation via Titania Thin Films  
 To evaluate the effectiveness of titania against mustard gas, the chemical simulant (2-
CEES) was used due to its ability to closely mimic the behavior of the harmful agent, reduce 
exposure risk, and to approximate decomposition rates and by-products that would occur on the 
titania surface. Thompson et al. investigated the photodecomposition of adsorbed mustard 
simulant, 2-chloroethyl ethyl sulfide (2-CEES), on a titania surface. Upon activation of the 
titania (P25 Degussa) surface, oxygen vacancies occurred, permitting the molecular oxygen to 
behave as an electron scavenger. The molecular oxygen reacted with 2-CEES which resulted in 
dissociation and permissive binding thru the Ti-OH groups to the chlorine moiety or via 
hydrogen bonding by means of the chlorine or sulfur atom in the 2-CEES. FT-IR and gas 
chromatography-mass spectrometry (GC-MS) was used to monitor and support decomposition of 
2-CEES on the powdered titania surface.88  
The cleavage of various bonds (C-C, C-S, C-Cl, and C-H) in 2-CEES was monitored 
during the photodecomposition process. GC/MS products obtained support the theory of radical 
formation due to the photodecomposition on the activated titania surface. Ethanethiol possessed 




Additionally, oxygenated species were also detected via GC/MS and IR during the 
photodecomposition process. Upon activation of the titania surface and interaction with 2-CEES, 
radical species hydrogen bond to the surface inducing the formation of aldehydes. The previous 
promotes differences in the IR spectra. An increase in peak formation of Ti-OH bonding (3530 
cm-1), carbonyl stretching modes (1500-1760 cm-1) and various carboxylate and carbonate 
species were observed over time.88 Thompson et al. was able to thoroughly investigate the 
successful degradation of 2-CEES on an activated titania surface by monitoring product 
formation, such as radicals and oxygenated species, via GC/MS and IR.88  Degradation 
evaluation of this simulant was chosen for the project, due to availability and the amount of 
literature concerning 2-CEES degradation by-products in the presence of the titania 
photocatalysts.  
4.2 Materials and Methods 
2-chloroethyl ethyl sulfide (2-CEES), mustard gas simulant, was purchased from Sigma-
Aldrich. Figure 4.3 displays the chemical structure of the mustard gas simulant. The material was 
used as received. 
 
Figure 4.2. Chemical structure of the mustard gas simulant, 2-chloroethyl ethyl sulfide 
4.2.1. Materials 
Solid particles of titania (VP Aeroperl P25/20) with an average particle size of 20 µm 
were purchased from Evonik Industries. Hybrid Plastics in Hattiesburg, MS, supplied the 
Polyhedral Oligomeric Silsesquioxane (POSS) needed to disperse the titanium dioxide particles. 
The solvent used, acetone and ethanol (99.5%), was purchased from Sigma-Aldrich. All samples 




4.2.2. Dispersion Preparation 
The titania and TSI-POSS dispersion were formulated at 10:1 wt/wt% in the subsequent 
procedure.  A combination of titania and TSI-POSS solids were blended under high sheer for 5 
minutes using a Flacktek speed mixer. The sheared particles were then added to acetone to 
achieve five wt% solids dispersion.  To maximize shearing, glass beads were added to the 
dispersion followed by three cycles of 5 minute increments of speed mixing and sonicating with 
a Fisher Scientific Model FS110 FS 20 sonicator.   
4.2.3. Coating Preparation 
 The dispersions were transferred into an Iwata Eclipse Gravity Feed Airbrush-CS-Size: 
0.35mm/ Testors Blue Mini Airbrush with compressor and applied as a fine mist onto the 
substrates, aluminum Q-panels (3”x 6”), in an interlaced spray-pattern. One coat consisted of one 
complete horizontal and vertical pass over the substrate. In between each application, the 
substrates were placed in a Fisher Isotemp Oven at 50 ºC to dry for 2 minutes. All samples were 
dried in the oven overnight followed by overnight storage in a desiccator (<2% RH).  Prior to the 
experiment, the sample was removed from the desiccator and activated by providing controlled 
UV-exposure, humidity, and temperature using a novel photoreactor, Figure 3.5. 
4.2.4 Photoreactor Setup 
The photoreactor was designed and fabricated to provide a regulated environment in the 
165-mm diameter sample chamber, which was crowned with a quartz glass window to allow the 
Hg high power light to pass freely to the sample.89 To provide maximum and uniform coverage, 
the light source was strategically placed over the sample chamber and equipped with a fan to 
minimize sample heating. A Jaz EL200 Ocean Optics spectrometer was used to measure the UV 
intensity of the Hg lamp and to provide a uniform distribution of light reached the sample. 




air was directed to interact with a temperature-controlled small water reservoir to produce 0-95% 
humidity. In order to maintain the temperature of the sample chamber, it was equipped with a 
cooling fan and heat sink, Figure 4.4. A 4800 series Brooks flow controller was used to maintain 
the air flow at 100mL/min. The titania covered Al Q-panel was placed in the 3 x 5 x 0.25 in. 
indention embedded in the bottom portion of the sample chamber to secure the sample and 
warrant placement accuracy for each experiment. 
Due to volatility, the simulant was introduced to the substrate via an automated spraying 
method consisting of a sprayer nozzle system capable of delivering 0.47 gpm (1.8 l/min) at 100 
psi (7 bar). A pulse width modulation (PWM) was employed to provide a pulsing signal limited 
at a minimum single spray rate of two 6 millisecond (ms) pulses and a maximum spray rate of 
10,000 cycles per minute (once every 6 milliseconds).89 The automated system increases 
statistical sampling and provides minimal agent exposure to the researcher.  
 
 
Figure 4.3. Photoreactor compartment that consists of an automatic sprayer and two anodized 




Volatile Organic Compounds (VOCs) and CO2 were monitored through the use of a 
sensor array, designed in collaboration with the engineering groups at USM.  Relative humidity, 
VOC, and CO2 sensors were thoroughly researched prior to selecting a sensor that could detect 
the humidity, photooxidation species, and carbon dioxide while withstanding the harsh 
conditions. The performance of the photocatalytic coating was determined by the data obtained 
from the relative humidity, carbon dioxide, and volatile organic compound (VOC) sensors 
housed in a custom glass manifold consisting of five one-inch orifices bonded to a three-inch-
diameter cylinder that has 9.525 mm barbed inlet and outlet fittings. The photoreactor and sensor 
array were equipped with fittings to permit gas flow through the apparatus, creating a dynamic 
system, Figure 4.5. The sensor array measured numerous variables related to the outgassing of 
the chamber. Degradation products of VOCs were CO2 and H2O; VOCs concentration in the 
dynamic gas stream was detected via a 10.6 eV photoionization sensor. The humidity and carbon 
dioxide levels were monitored via a 5 VDC capacitive relative humidity sensor and 35 VDC 






Figure 4.4. Schematic diagram of the experimental setup consisting of (1) air cylinders, (2) flow 
controller, (3) photochamber, (4) light source, (5) sensor array and (6) computer 
4.2.5 Photoreactor Software Setup 
The photoreactor operation, data collection, and data analysis were automated via 
software integration of online and offline processing. Different methods were required to support 
hardware control and computational evaluation individually. The method that employed direct 
communication between the photoreactor components and the software was categorized as 
online processing. Employing the online processing method required two Graphical User 
Interfaces (GUIs), one that controlled the photoreactor movement, and another that commanded 
the data acquisition system (DAQ) designed to record data in a text file format. On the other 
hand, the offline processing was considered as such because it operated independently of the 
photoreactor. Computational evaluation consisted of pre-processing and modeling of the data 




4.2.6 Experimental Procedure 
The novel photocatalytic coating was preconditioned under UV light at 350 nm for two 
hours to induce a hydrophilic surface prior to insertion into the purged sample chamber. 
Following insertion, the desired concentration of simulant was sprayed on the coating and data 
collection was initiated. The chamber was sealed and the Hg light source, Figure 4.6, was turned 
on to optimize the photocatalytic process.  
 
Figure 4.5.Ocean Optics spectra of high-pressure mercury lamp 
Following the experiment, the ratio of CO2 to VOC peak areas were collected as a 
representative of the degree of complete oxidation that permitted the optimization of the 
experimental methods. In all experiments, thermal and dark controls (coatings present in the 
reactor but shielded from irradiation and heat) as well as catalytic controls (substrates with no 
photocatalytic coating) were performed as a reference. Parameters were monitored and adjusted 























4.3 Results and Discussion 
4.3.1 Sensor Characterization  
 The VOC sensor was characterized by adding known quantities of 2-CEES to aluminum 
test panels and monitoring the amount of volatiles evolved through the chamber over time. 
Examinations were conducted at a constant concentration with a coated panel and a non-coated 
panel to monitor the change in response of the sensor. The reactions were repeated multiple 
times to ensure reproducibility.  Figure 4.7 illustrates the data obtained for the characterization of 
the VOC sensor. The CO2 sensor was characterized in the same fashion using the CO2 from the 
environment trapped in the chamber following the opening and closing of the system.  
 
 
Figure 4.6. Initial standardization of the VOC sensors was conducted with 2-CEES 
Exposure of dispersed titania with the application of the chemical simulant 2-CEES 
showed a roughly two-fold increase in CO2 formation, indicating that 2-2-CEES was being 




begins approximately one hour after the application. The CO2 sensor data profile is characterized 
by two peaks; the first peak is attributed to the CO2 trapped in the reaction chamber and the 
second CO2 peak from the redox reactions. Since complete oxidation of organics yields a mixture 
of CO2 and H2O, the ratio of CO2 to VOC produced over the course of the reaction should be a 
measure of the extent of complete oxidation.  Incompletely oxidized products are detected as 
generic VOCs.  Ratios of CO2 to VOC as a function of simulant concentration were analyzed for 
POSS-dispersed titania and the thiol-ene-titania composite coatings to determine the extent of 
oxidation and relative rates of each variation.  
 
Figure 4.7. Representative data for the presence (bottom) and absence (top) of photooxidation of 
2-CEES (2 sprays) on titania coatings  
4.3.2 CO2/VOC Ratio Variance as a Function of Simulant Concentrations 
The production of CO2 and other volatile partially oxidized species (VOCs) were 




the surface. Ratio variances were obtained as a function of 2-CEES concentration 5 sprays (39.0 
mg), 2 sprays (16.5mg), and 1 spray (7.4 mg). The simulant sprays were applied to the aluminum 
test panel in light and dark conditions to determine reference parameters prior to exposing the 
simulant to the activated titania surface.  All experimental parameters were held constant while 
the relative humidity was maintained at 50 ± 10%. 
 
Figure 4.8. CO2 and VOC area under the curve for the simulant concentration analysis 
 
Figure 4.9. CO2/VOC ratios
 
 for the simulant concentration analysis on titania
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The CO2/VOC ratio was achieved via mathematical modeling that calculated the area 
under the CO2 and VOC curves. Ratios revealed that an increase in simulant mass resulted in a 
decrease in the ratio. A mass of 16.5 mg (2 sprays) provided an area ratio of 0.8 compared to the 
1.8 ratio obtained from the 7.4 mg (1 spray), Figure 4.9. This data displayed the efficiency of the 
coating as a function of simulant concentration in addition to revealing the equipment capabilities. 
The spray values of 1, 3, and 5 were chosen due to sensor and sprayer limitations. It is 
hypothesized that all experiments resulted in partial degradation of the simulant applied due to the 
CO2 area values obtained. The VOC peak height increases as the mass increases whereas the CO2 
peak shifts to longer reaction times and widens. The change in the second CO2 peak depicts a 
change in the degradation profile; at five sprays the CO2 peak displays the widest peak and 
furthest time shift. 
 
Figure 4.10. Area analysis of CO2 and VOC peaks during the variation in simulant concentration  
  
 
4.3.3 CO2 Variance as a Function of Relative Humidity
Additional experiments
examining the change in the 
required to degrade efficiently
UV conditioned utilizing 
and 42±5%R.H. In Figure 4.
humidity decreases. An increase in 
peak and the CO2 /VOC ratio which suggests
The presence of excess water molecules causes recombination to occur and suppresses the 
formation of electron-hole
photocatalytic activity at a concentration of 2 sprays.




 on titania coatings consisted of varying the relative humidity and 
CO2/VOC ratio. This analysis provided the optimal humidity 
 the simulant applied at a concentration of 2 sprays. 
the novel photoreactor with the following parameters: 350
11 the height of the second CO2 peak increases as the relative 
relative humidity resulted in a decrease of 
 a higher humidity impedes 
 pairs.90 A relative humidity of 30% provided the 
 






the second CO2 







4.3.4 CO2/VOC Variance as a Function of Polymer Presence 
The primary focus of this section entails the evaluation of the photocatalytic activity 
following the incorporation of the thiol-ene system, TMPMP/TTT, to improve the mechanical 
integrity of the resulting photocatalytic film. Figure 4.12 depicts a time shift and an increase in 
CO2 peak width, similar to the photocatalytic activity performance detected in the five spray 
analysis without TMPMP/TTT. A ratio of 0.18 was achieved in the analysis with TMPMP/TTT 
in comparison to a ratio of 0.20 in the system without TMPMP/TTT. A higher ratio indicates an 
increase in photocatalytic performance; as expected, the system without TMPMP/TTT performs 
better. Nonetheless, this supports the switching data represented in the previous chapter, 
incorporation of the thiol-ene system improves mechanical integrity without significantly 
retarding the photocatalytic performance. 
 
Figure 4.12. Area analysis of CO2 and VOC peaks following the incorporation of thiol and ene 
monomers 
 
4.3.5 CO2/VOC Ratio Variance as a Function of POSS Derivatives 
A photodegradation analysis of 2-CEES (2 sprays) was conducted to define the effect of 




the highest CO2/VOC ratio (1.28) and, therefore, possessed the highest photocatalytic activity of 
the three derivatives. TSP-POSS ratio of 1.12 was close to the value obtained for API-POSS. On 
the other hand, the TSI-POSS derivative provided the smallest ratio (0.72) and, therefore, 
conducted the least amount of photocatalytic activity of the three derivatives. This data displays 
the effectiveness of the coating as a function of the POSS derivative, in addition to revealing the 
differences in binding interactions between the particle and POSS. It is hypothesized that a larger 
percentage of TSI-POSS covalently binds to the titania particle via silanol interaction whereas 
TSP-POSS interaction is hindered due to the sterics provided by the phenyl rings.27, 31   As a 
result, the TSI-POSS derivative provides a smaller CO2/VOC ratio than that of the TSP-POSS. 
The monofunctional POSS derivative, API-POSS, has one reactive site that extends from the 
POSS cage and is assumed to interact primarily via the amine functionality since silanols are not 
available for condensation reactions to occur. TSP and API-POSS provided similar CO2/VOC 
ratios; however, the TGA binding interactions exhibit two different extremes. Therefore, the 
photocatalytic performance must be credited to the chemical differences of the POSS derivative. 
4.4 Chapter Conclusions 
 In summary, CO2/VOC ratios were obtained from photocatalytic activity of novel titania 
coatings as a function of simulant concentration, relative humidity, and polymer presence. The 
amount of simulant present affects the photocatalytic performance, as expected higher 
concentrations of stimulant overwhelm the catalyst.  Moreover, a relative humidity analysis at 
70, 50, and 30% was conducted to obtain the optimum parameter for photocatalytic activity to 
occur. The parameter at 30% relative humidity provided the highest CO2 output thus the highest 
photocatalytic activity.  The presence of the TMPMP/TTT improved the mechanical integrity of 




contaminant. Due to the previous, mathematical modeling was created via software analysis to 
deconvolute the peak area. A photodegradation analysis determined the POSS influence on 
photocatalytic activity, topology, roughness, and surface tension. In each analysis, API-POSS 
produced paramount results: highest CO2/VOC ratio, roughest surface, and fastest 
hydrophobic/hydrophilic switching time. The previous results demonstrate the influence of the 
POSS derivative and the type of interactions that occur due to each functionality. 
4.5. Project Conclusions 
In summary, the findings herein elaborated on the photocatalytic and self-cleaning 
potential of modified titania particles in thin films.  
Table 5.1  






















TSI- POSS   0.72 55.0 MED 3.0 5.0 
TSP- POSS 
  1.12 a 
  1.02 b 
33.0 LOW 2.5 1.0 
API -POSS   1.28 78.0 HIGH 0.5 3.0 
a indicates ethanol dispersion solvent;b indicates acetone dispersion solvent 
Moreover, the presence of the TSI-POSS/TMPMP/TTT provided substantial improvement of the 
coating mechanical integrity and dispersion stability with each particle (N, S, and M), without 
compromising photocatalytic degradation of the adsorbed contaminant. As a result, components 
required to achieve a thin film that self-cleans while improving dispersion stability and 




was attained by manipulating relative rates as a function of concentrations, humidity, and film 
composition. The ratio for TSP-POSS (1.12) was comparable to that of API-POSS (1.28) 
suggesting the physical attributes is due to similarities in titania/POSS interactions. Although the 
manner in which POSS interacts requires further investigation, TGA analysis of API-POSS, 
TSP-POSS, and TSI-POSS determined 78, 55, and 33 wt% of the POSS strongly interacts with 
the particle. Additionally, the parameter at 30% relative humidity provided the highest CO2 
output; thus, optimum photocatalytic activity was achieved in this condition. An optimum 
composition that permits degradation in a timely manner while maintaining dispersion stability 
was achieved. Novel equipment that controlled humidity, wavelength, temperature, and an array 
of sensors were constructed and maintained throughout the experiments. All in all, the data 
obtained was used to create prediction modeling software to analyze the VOC and CO2 peak area 


















1. Shibata, T.; Sakai, N.; Fukuda, K.; Ebina, Y.; Sasaki, T., Structural Study of 
Photoinduced Hydrophilicity of Titania Nanosheet Film. J. Mater. Sci. Eng. B 2009, 161, 12-15. 
2. Fujishima, A.; Rao, T. N.; Tryk, D. A., Titanium Dioxide Photocatalysis. J. Photochem. 
Photobiol., C 2000, 1, 1-21. 
3. Miyauchi, M.; Kieda, N.; Hishita, S.; Mitsuhashi, T.; Nakajima, A.; Watanabe, T.; 
Hashimoto, K., Reversible Wettability Control of TiO2 Surface by Light Irradiation. Surf. Sci. 
2002, 511, 401-407. 
4. Nishimoto, S.; Kubo, A.; Zhang, X.; Liu, Z.; Taneichi, N.; Okui, T.; Murakami, T.; 
Komine, T.; Fujishima, A., Novel Hydrophobic/Hydrophilic Patterning Process by 
Photocatalytic Ag Nucleation on TiO2 Thin Film and Electroless Cu Deposition. Appl. Surf. Sci. 
2008, 254, 5891-5894. 
5. Henderson, M. A., A Surface Science Perspective on Photocatalysis. Surf. Sci. Rep. 
2011, 66, 185-297. 
6. Kazuhito, H.; Hiroshi, I.; Akira, F., TiO2 Photocatalysis: A Historical Overview and 
Future Prospects. Jpn. J. Appl. Phys. 2005, 44, 8269. 
7. McMurray, T. A.; Byrne, J. A.; Dunlop, P. S. M.; Winkelman, J. G. M.; Eggins, B. R.; 
McAdams, E. T., Intrinsic Kinetics of Photocatalytic Oxidation of Formic and Oxalic Acid on 
Immobilised TiO2 Films. Appl. Catal., A 2004, 262, 105-110. 
8. Guan, K.; Lu, B.; Yin, Y., Enhanced Effect and Mechanism of SiO2 Addition in Super-
Hydrophilic Property of TiO2 Films. Surf. Coat. Technol. 2003, 173, 219-223. 
9. Wang, C.-y.; Groenzin, H.; Shultz, M. J. In Reversible Wetting Unveiled: Surface-
Specific Detection with Sum Frequency Generation, Am. Chem. Soc. : 2004; pp COLL-378. 
10. White, J. M.; Szanyi, J.; Henderson, M. A., The Photon-Driven Hydrophilicity of Titania: 
A Model Study Using TiO2(110) and Adsorbed Trimethyl Acetate. J. Phys. Chem. B 2003, 107, 
9029-9033. 
11. Wang, R.; Sakai, N.; Fujishima, A.; Watanabe, T.; Hashimoto, K., Studies of Surface 
Wettability Conversion on TiO2 Single-Crystal Surfaces. J. Phys. Chem. B 1999, 103, 2188-
2194. 
12. Guan, K., Relationship between Photocatalytic Activity, Hydrophilicity and Self-
Cleaning Effect of TiO2/SiO2 Films. Surf. Coat. Technol. 2005, 191, 155-160. 
13. Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima, E.; Kitamura, A.; 
Shimohigoshi, M.; Watanabe, T., Photogeneration of Highly Amphiphilic TiO2 Surfaces. Adv. 
Mater. 1998, 10, 135-138. 
14. Herrmann, J.-M., Heterogeneous Photocatalysis: Fundamentals and Applications to the 




15. Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. W., Environmental 
Applications of Semiconductor Photocatalysis. Chem. Rev. 1995, 95, 69-96. 
16. Jiang, J.; Oberdörster, G.; Biswas, P., Characterization of Size, Surface Charge, and 
Agglomeration State of Nanoparticle Dispersions for Toxicological Studies. J. Nanopart. Res. 
2009, 11, 77-89. 
17. Liao, J.; Shi, L.; Yuan, S.; Zhao, Y.; Fang, J., Solvothermal Synthesis of TiO2 
Nanocrystal Colloids from Peroxotitanate Complex Solution and Their Photocatalytic Activities. 
J. Phys. Chem. C 2009, 113, 18778-18783. 
18. Wang, B.; Shi, B., Comparison of Surface Tension Components and Hansen Solubility 
Parameters Theories. Part I: Explanation of Protein Adsorption on Polymers. J. Macromol. Sci., 
Part B 2010, 49, 383-391. 
19. Magdalena, N.; Damian, A. e.; Teofil, J., TiO2-SiO2/Ph-Poss Functional Hybrids: 
Preparation and Characterisation. J. Nanomater. 2013, 2013. 
20. Wu, J.; Mather, P. T., Poss Polymers: Physical Properties and Biomaterials Applications. 
Polym. Rev. (Philadelphia, PA, U. S.) 2009, 49, 25-63. 
21. Ambrozewicz, D.; Marciniec, B.; Jesionowski, T., New Poss/Magnesium Silicate Nano-
Hybrids Obtained by Chemical or Mechanical Methods. Chem. Eng. J. (Amsterdam, Neth.) 
2012, 210, 229-236. 
22. Nowacka, M.; Siwinska-Stefanska, K.; Jesionowski, T., Structural Characterisation of 
Titania or Silane-Grafted TiO2-SiO2 Oxide Composite and Influence of Ionic Strength or 
Electrolyte Type on Their Electrokinetic Properties. Colloid Polym. Sci. 2013, 291, 603-612. 
23. Cook, R. D.; Wheeler, P. A.; Misra, R., Nanoparticle Dispersion Utilizing Polyhedral 
Oligomeric Silsesquioxane. Polymer Preprints 2007, 48. 
24. Lickiss, P. D.; Rataboul, F., Fully Condensed Polyhedral Oligosilsesquioxanes (Poss): 
From Synthesis to Application. Adv. Organomet. Chem. 2008, 57, 1-116. 
25. Lee, A.; Lichtenhan, J. D., Viscoelastic Responses of Polyhedral Oligosilsesquioxane 
Reinforced Epoxy Systems. Macromolecules 1998, 31, 4970-4974. 
26. Heeley, E. L.; Hughes, D. J.; El Aziz, Y.; Taylor, P. G.; Bassindale, A. R., Linear Long 
Alkyl Chain Substituted Poss Cages: The Effect of Alkyl Chain Length on the Self-Assembled 
Packing Morphology. Macromolecules 2013, 46, 4944-4954. 
27. Wheeler, P. A.; Misra, R.; Cook, R. D.; Morgan, S. E., Polyhedral Oligomeric 
Silsesquioxane Trisilanols as Dispersants for Titanium Oxide Nanopowder. J. Appl. Polym. Sci. 
2008, 108, 2503-2508. 
28. Godnjavec, J.; Znoj, B.; Veronovski, N.; Venturini, P., Polyhedral Oligomeric 
Silsesquioxanes as Titanium Dioxide Surface Modifiers for Transparent Acrylic Uv Blocking 




29. Huang, C.; Wei, Z.; Zhang, L.; Luo, X.; Ren, H.; Luo, M., Preparation and 
Characterization of Polyhedral Oligomeric Silsesquioxane–Titania Aerogels. J. Porous Mater. 
2013, 20, 1017-1022. 
30. Song, L.; He, Q.; Hu, Y.; Chen, H.; Liu, L., Study on Thermal Degradation and 
Combustion Behaviors of Pc/Poss Hybrids. Polym. Degrad. Stab. 2008, 93, 627-639. 
31. Liu, Y. R.; Huang, Y. D.; Liu, L., Thermal Stability of Poss/Methylsilicone 
Nanocomposites. Compos. Sci. Technol. 2007, 67, 2864-2876. 
32. Kim, H.-U.; Bang, Y. H.; Choi, S. M.; Yoon, K. H., Morphology and Mechanical 
Properties of Pet by Incorporation of Amine-Polyhedral Oligomeric Silsesquioxane. Compos. 
Sci. Technol. 2008, 68, 2739-2747. 
33. Veronovski, N.; Andreozzi, P.; La Mesa, C.; Sfiligoj-Smole, M., Stable TiO2 Dispersions 
for Nanocoating Preparation. Surf. Coat. Technol. 2010, 204, 1445-1451. 
34. Siti Hajar, O.; Suraya Abdul, R.; Tinia Idaty Mohd, G.; Norhafizah, A., Dispersion and 
Stabilization of Photocatalytic TiO2 Nanoparticles in Aqueous Suspension for Coatings 
Applications. J. Nanomater. 2012, 2012. 
35. Li, Y.-F.; Liu, Z.-P., Particle Size, Shape and Activity for Photocatalysis on Titania 
Anatase Nanoparticles in Aqueous Surroundings. J. Am. Chem. Soc. 2011, 133, 15743-15752. 
36. Law, W. S.; Lam, S. W.; Gan, W. Y.; Scott, J.; Amal, R., Effect of Film Thickness and 
Agglomerate Size on the Superwetting and Fog-Free Characteristics of TiO2 Films. Thin Solid 
Films 2009, 517, 5425-5430. 
37. Carole, S.; Benoit, G.; Sophie, G.; Chang, Y.; François, T., Dispersion and Stability of 
Tio 2 Nanoparticles Synthesized by Laser Pyrolysis in Aqueous Suspensions. J. Phys.: Conf. Ser. 
2009, 170, 012013. 
38. Ayandele, E.; Sarkar, B.; Alexandridis, P., Polyhedral Oligomeric Silsesquioxane (Poss)-
Containing Polymer Nanocomposites. Nanomaterials 2012, 2, 445-475. 
39. Worthley, C. H.; Constantopoulos, K. T.; Ginic-Markovic, M.; Markovic, E.; Clarke, S., 
A Study into the Effect of Poss Nanoparticles on Cellulose Acetate Membranes. J. Membr. Sci. 
2013, 431, 62-71. 
40. Nur, H., Modification of Titanium Surface Species of Titania by Attachment of Silica 
Nanoparticles. Mater. Sci. Eng.:B 2006, 133, 49-54. 
41. Yang, G.; Jiang, Z.; Shi, H.; Xiao, T.; Yan, Z., Preparation of Highly Visible-Light 
Active N-Doped TiO2 Photocatalyst. Journal of Materials Chemistry 2010, 20, 5301-5309. 
42. Yu, J. C.; Yu, J.; Tang, H. Y.; Zhang, L., Effect of Surface Microstructure on the 
Photoinduced Hydrophilicity of Porous TiO2 Thin Films. J. Mater. Chem. 2002, 12, 81-85. 
43. Sahoo, M.; Mathews, T.; Antony, R. P.; Krishna, D. N.; Dash, S.; Tyagi, A. K., 




Switching of Transparent N-Doped TiO2 Thin Films. ACS Appl. Mater. Interfaces 2013, 5, 
3967-3974. 
44. Sparks, B. J.; Hoff, E. F. T.; Xiong, L.; Goetz, J. T.; Patton, D. L., Superhydrophobic 
Hybrid Inorganic–Organic Thiol-Ene Surfaces Fabricated Via Spray-Deposition and 
Photopolymerization. ACS Appl. Mater. Interfaces 2013, 5, 1811-1817. 
45. Szwarc-Rzepka, K.; Ciesielczyk, F.; Jesionowski, T., Preparation and Physicochemical 
Properties of Functionalized Silica/Octamethacryl-Silsesquioxane Hybrid Systems. J. 
Nanomater. 2013, 2013, 15. 
46. Wu, Q.; Bhattacharya, M.; Morgan, S. E., Poss-Enhanced Phase Separation in Air-
Processed P3ht:Pcbm Bulk Heterojunction Photovoltaic Systems. ACS Appl. Mater. Interfaces 
2013, 5, 6136-6146. 
47. Guo, T.; Wang, P.; Meng, T.; Li, W.; Wang, S.; Tong, Z.-p.; Li, X.-r., Preparation and 
Properties of Nano N-TiO2-Ctms Film with Reversible Wettability Controlled by Visible Light. 
Gongneng Cailiao 2013, 44, 1328-1331. 
48. Hashimoto, K.; Irie, H.; Fujishima, A., TiO2 Photocatalysis: A Historical Overview and 
Future Prospects. Jpn. J. Appl. Phys., Part 1 2005, 44, 8269-8285. 
49. White, J. M.; Szanyi, J.; Henderson, M. A., The Photon-Driven Hydrophilicity of 
Titania: A Model Study Using TiO2(110) and Adsorbed Trimethyl Acetate. J. Phys. Chem. B 
2003, 107, 9029-9033. 
50. Takeuchi, M.; Sakamoto, K.; Martra, G.; Coluccia, S.; Anpo, M., Mechanism of 
Photoinduced Superhydrophilicity on the TiO2 Photocatalyst Surface. J. Phys. Chem. B 2005, 
109, 15422-15428. 
51. Miyauchi, M.; Kieda, N.; Hishita, S.; Mitsuhashi, T.; Nakajima, A.; Watanabe, T.; 
Hashimoto, K., Reversible Wettability Control of TiO2 Surface by Light Irradiation. Surf. Sci. 
2002, 511, 401-407. 
52. Lee, Y. C.; Hong, Y. P.; Lee, H. Y.; Kim, H.; Jung, Y. J.; Ko, K. H.; Jung, H. S.; Hong, 
K. S., Photocatalysis and Hydrophilicity of Doped TiO2 Thin Films. J. Colloid Interface Sci. 
2003, 267, 127-131. 
53. Andrew, M.; Matthew, C., A Study of Factors That Change the Wettability of Titania 
Films. Int. J. Photoenergy 2008, 2008. 
54. Arimitsu, N.; Nakajima, A.; Katsumata, K.-i.; Shiota, T.; Watanabe, T.; Yoshida, N.; 
Kameshima, Y.; Okada, K., Photoinduced Surface Roughness Variation in Polycrystalline TiO2 
Thin Films under Different Atmospheres. Journal of Photochemistry and Photobiology A: 
Chemistry 2007, 190, 53-57. 
55. Fateh, R.; Dillert, R.; Bahnemann, D., Self-Cleaning Properties, Mechanical Stability, 
and Adhesion Strength of Transparent Photocatalytic TiO2-ZnO Coatings on Polycarbonate. 




56. Hwang, Y. K.; Patil, K. R.; Kim, H.-K.; Sathaye, S. D.; Hwang, J.-S.; Park, S.-E.; Chang, 
J.-S., Photoinduced Superhydrophilicity in TiO2 Thin Films Modified with Wo3. Bull. Korean 
Chem. Soc 2005, 26, 1515. 
57. Katsumata, K.-i.; Nakajima, A.; Yoshikawa, H.; Shiota, T.; Yoshida, N.; Watanabe, T.; 
Kameshima, Y.; Okada, K., Effect of Microstructure on Photoinduced Hydrophilicity of 
Transparent Anatase Thin Films. Surf. Sci. 2005, 579, 123-130. 
58. Miyauchi, M.; Nakajima, A.; Watanabe, T.; Hashimoto, K., Photocatalysis and 
Photoinduced Hydrophilicity of Various Metal Oxide Thin Films. Chem. Mater. 2002, 14, 2812-
2816. 
59. Sahoo, M.; Mathews, T.; Antony, R. P.; Krishna, D. N.; Dash, S.; Tyagi, A. K., 
Physicochemical Processes and Kinetics of Sunlight-Induced Hydrophobic ↔ Superhydrophilic 
Switching of Transparent N-Doped TiO2 Thin Films. ACS Appl. Mater. Interfaces 2013, 5, 
3967-3974. 
60. Stevens, N.; Priest, C. I.; Sedev, R.; Ralston, J., Wettability of Photoresponsive Titanium 
Dioxide Surfaces. Langmuir 2003, 19, 3272-3275. 
61. Sun, R.-D.; Nakajima, A.; Fujishima, A.; Watanabe, T.; Hashimoto, K., Photoinduced 
Surface Wettability Conversion of Zno and TiO2 Thin Films. J. Phys. Chem. B 2001, 105, 1984-
1990. 
62. Xi, B.; Verma, L. K.; Li, J.; Bhatia, C. S.; Danner, A. J.; Yang, H.; Zeng, H. C., TiO2 
Thin Films Prepared Via Adsorptive Self-Assembly for Self-Cleaning Applications. ACS Appl. 
Mater. Interfaces 2012, 4, 1093-1102. 
63. Jerman, I.; Kozelj, M.; Orel, B., The Effect of Polyhedral Oligomeric Silsesquioxane 
Dispersant and Low Surface Energy Additives on Spectrally Selective Paint Coatings with Self-
Cleaning Properties. Sol. Energy Mater. Sol. Cells 2010, 94, 232-245. 
64. Ashu-Arrah, B. A.; Glennon, J. D.; Albert, K., Spectroscopic and Chromatographic 
Characterisation of a Pentafluorophenylpropyl Silica Phase End-Capped in Supercritical Carbon 
Dioxide as a Reaction Solvent. J. Chromatogr. A 2013, 1298, 86-94. 
65. Sangermano, M.; Gross, S.; Priola, A.; Rizza, G.; Sada, C., Thiol-Ene Hybrid 
Organic/Inorganic Nanostructured Coatings Based on Thiol-Functionalized Zirconium 
Oxoclusters. Macromol. Chem. Phys. 2007, 208, 2560-2568. 
66. Schreck, K. M.; Leung, D.; Bowman, C. N., Hybrid Organic/Inorganic Thiol-Ene-Based 
Photopolymerized Networks. Macromolecules 2011, 44, 7520-7529. 
67. Shin, J.; Nazarenko, S.; Hoyle, C. E., Enthalpy Relaxation of Photopolymerized 
Thiol−Ene Networks: Structural Effects. Macromolecules 2008, 41, 6741-6746. 
68. Kim, J.-H.; Lee, M. J.; Kim, S.; Hwang, J.; Lim, T.-Y.; Kim, S.-H., Fabrication of 




69. Lee, H. Y.; Park, Y. H.; Ko, K. H., Correlation between Surface Morphology and 
Hydrophilic/Hydrophobic Conversion of Mocvd-TiO2 Films. Langmuir 2000, 16, 7289-7293. 
70. Zhang, W.; Fujiwara, T.; Taşkent, H.; Zheng, Y.; Brunson, K.; Gamble, L.; Wynne, K. J., 
A Polyurethane Surface Modifier: Contrasting Amphiphilic and Contraphilic Surfaces Driven by 
Block and Random Soft Blocks Having Trifluoroethoxymethyl and Peg Side Chains. Macromol. 
Chem. Phys. 2012, 213, 1415-1434. 
71. Jaern, M.; Brieler, F. J.; Kuemmel, M.; Grosso, D.; Linden, M., Wetting of 
Heterogeneous Nanopatterned Inorganic Surfaces. Chem. Mater. 2008, 20, 1476-1483. 
72. Verplanck, N.; Coffinier, Y.; Thomy, V.; Boukherroub, R., Wettability Switching 
Techniques on Superhydrophobic Surfaces. Nanoscale Res. Lett. 2007, 2, 577-596. 
73. Fujishima, A.; Zhang, X.; Tryk, D. A., TiO2 Photocatalysis and Related Surface 
Phenomena. Surf. Sci. Rep. 2008, 63, 515-582. 
74. Villafiorita-Monteleone, F.; Canale, C.; Caputo, G.; Cozzoli, P. D.; Cingolani, R.; 
Fragouli, D.; Athanassiou, A., Controlled Swapping of Nanocomposite Surface Wettability by 
Multilayer Photopolymerization. Langmuir 2011, 27, 8522-8529. 
75. Wang, S.; Ang, H. M.; Tade, M. O., Volatile Organic Compounds in Indoor Environment 
and Photocatalytic Oxidation: State of the Art. Environ. Int. 2007, 33, 694-705. 
76. Huang, T.; Huang, W.; Zhou, C.; Situ, Y.; Huang, H., Superhydrophilicity of TiO2/SiO2 
Thin Films: Synergistic Effect of SiO2 and Phase-Separation-Induced Porous Structure. Surf. 
Coat. Technol. 2012, 213, 126-132. 
77. Ala’Aldeen, D. A., Long Term Hazards of Chemical Weapon Agents: Analysis of Soil 
Samples from Kurdistan. Zanin 2005, 1, 1-10. 
78. Haines, D.; Fox, S., Acute and Long-Term Impact of Chemical Weapons: Lessons from 
the Iran-Iraq War. Forensic Sci. Rev. 2014, 26. 
79. Ganesan, K.; Raza, S.; Vijayaraghavan, R., Chemical Warfare Agents. J. Pharm. 
BioAllied Sci. 2010, 2, 166. 
80. Ivanov, V.; Arabadzhiev, G.; Pashov, M., New Perspectives for Prevention and 
Treatment of Sulfur Mustard Intoxication. TJS 2010, 8, 39-42. 
81. Al-doski, J.; Mansor, S. B.; Shafri, H. Z. In Support Vector Machine Classification to 
Detect Land Cover Changes in Halabja City, Iraq, Business Engineering and Industrial 
Applications Colloquium (BEIAC), 2013 IEEE, IEEE: 2013; pp 353-358. 
82. Chauhan, S.; Chauhan, S.; D’Cruz, R.; Faruqi, S.; Singh, K. K.; Varma, S.; Singh, M.; 
Karthik, V., Chemical Warfare Agents. Environ. Toxicol. Pharmacol. 2008, 26, 113-122. 
83. Kikilo, P.; Fedorenko, V.; Ternay, A. L., Jr. In Chemistry of Chemical Warfare Agents, 




84. Evison, D.; Hinsley, D.; Rice, P., Chemical Weapons. Br. Med. J. 2002, 324, 332-335. 
85. L, S., History of Chemical and Biological Warfare Agents. Toxicol. 2005, 214, 167-181. 
86. Lodewyckx, P.; Teresa, J. B., Chapter 10 Adsorption of Chemical Warfare Agents. In 
Interface Sci. Technol., Elsevier: 2006; Vol. Volume 7, pp 475-528. 
87. Yang, Y. C.; Baker, J. A.; Ward, J. R., Decontamination of Chemical Warfare Agents. 
Chem. Rev. 1992, 92, 1729-1743. 
88. Thompson, T. L.; Panayotov, D. A.; Yates, J. T.; Martyanov, I.; Klabunde, K., 
Photodecomposition of Adsorbed 2-Chloroethyl Ethyl Sulfide on TiO2: Involvement of Lattice 
Oxygen. J. Phys. Chem. B 2004, 108, 17857-17865. 
89. Bajracharya, B., Modeling That Leads to the Prediction of Photocatalytic Coatings 
Characterization. 2014. 
90. Obee, T. N.; Brown, R. T., TiO2 Photocatalysis for Indoor Air Applications: Effects of 
Humidity and Trace Contaminant Levels on the Oxidation Rates of Formaldehyde, Toluene, and 
1,3-Butadiene. Environ. Sci. Technol. 1995, 29, 1223-1231. 
 
